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Abstract
The effects of pH, acidulant and sub-optimal temperature on the growth and survival 
of Yersinia enterocolitica were measured. These responses were subsequently 
modelled with the view to predicting the organism’s behaviour in foods which depend 
on these factors for their shelf-life and safety.
The rate of growth of Y. enterocolitica was successfully described by both a square 
root and a response surface function. The response surface model was more reliable 
for predicting the growth of this organism under conditions of sub-optimal 
temperature and pH. In food, the square root model increasingly underestimated 
growth as temperature decreased below 4°C and would ’fail dangerous’ if used for 
predictive purposes. Treating death simply as negative growth and application of the 
square root function did not successfully model survival of Y. enterocolitica under 
conditions of sub-optimal temperature and growth inhibitory pH values for a number 
of different acidulants. The use of a logistic function and log dose (log time) in the 
Vitalistic model however accurately described survival across the whole range of 
conditions. Model predictions were also in excellent agreement with observed 
survival times in food with a negligible competitive microflora and a similar buffering 
capacity to the medium used in the development of the model. The presence of a 
competitive microflora and a food with greater buffering capacity led to the model 
underestimating the rate of death but ’failing safe’ if used for predictive purposes 
under these circumstances.
The intracellular pH (pH^ of Y. enterocolitica cells was measured by 31P nuclear 
magnetic resonance and by radiolabelled weak acid probes at growth inhibitory pH 
values with different acidulants. The latter method provided a more reliable 
determination of pHj. pHj decreased linearly with decreasing medium pH (pHext). 
The cell cytoplasm was always less acidic than the pHext. There was no difference 
in pHj with different acidulants (acetic acid and sulphuric acid) but viability was 
lower in cells acidified with acetic acid. Therefore neither pHext nor pHj were the 
determining factor causing death in Y. enterocolitica. Inhibition may have been caused 
by specific effects of the undissociated acid on metabolic or physiological activities.
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Chapter 1 Yersinia enterocolitica
Microorganisms may be divided into four major physiological groups on the basis of 
their cardinal temperatures (Table 1.1). Thermophiles due to their higher heat
Table 1.1: Temperature ranges of bacterial growth
Group Temperature (°C)
Minimum Optimum Maximum
Thermophiles 40 - 45 55 -75 6 0 -9 0
Mesophiles 5 - 15 30 -45 35 - 47
Psychrophiles -5 - +5 12 - 15 15 - 20
Psychrotrophs -5 - +5 25 - 30 30 - 35
resistance are of concern to the canning industry where they may cause spoilage of 
canned foods. Mesophiles include most common food pathogens and many spoilage 
bacteria. Adequate refrigeration or pasteurisation will inhibit their growth in foods. 
Psychrotrophs include spoilage and pathogenic organisms capable of growth at 0°C 
and moderate temperatures (Table 1.1) and are of concern in low-temperature 
preservation of foods. Psychrophiles are less important than psychrotrophs in food 
processing because of their sensitivity to higher temperatures (ICMSF 1980).
There is an increasing number of refrigerated foods appearing in supermarkets today. 
This trend is partly due to the consumer’s desire for less processed ’natural’ foods 
which have an extended shelf-life and are ready to eat. The emphasis on ’natural’ has 
led to the use of fewer additives and preservatives and has increased reliance on low 
temperature storage.
Refrigerator temperatures are between 0-8°C in the U.K (IFST 1990). While these 
temperatures slow or prevent the replication of most pathogenic microorganisms some 
can continue to grow and/or produce toxins in foods at and below 5°C. Given enough
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time at this low temperature their numbers may increase to a level sufficient to cause 
illness. These psychrotrophic pathogens include Yersinia enterocolitica, Listeria 
monocytogenes, Aeromonas hydrophilia, Bacillus cereus (Palumbo 1986) and 
Clostridium botulinum type E and non-proteolytic B and F strains (Simunovic et al. 
1985). These organisms have received greater attention in recent years due to their 
ability to grow at chilled temperatures.
Y. enterocolitica was first described as a human pathogen over 50 years ago 
(Schleifstein & Coleman 1939) and has become a major cause of gastroenteritis in 
much of the industrialised world. During the last 10-15 years the reported incidences 
of yersiniosis have increased dramatically together with a substantial increase in 
reported isolations from food (Gilmour & Walker 1988). In England and Wales only 
1 case of human yersiniosis was recorded in 1975 but the number increased to 
approximately 600 in 1989 (CDR unpublished report). This increase may be due in 
part to better reporting procedures, greater awareness about the organism and 
improved detection methods but probably also reflects a true increase. The 
psychrotrophic nature of the organism combined with a general increase in the use 
of refrigeration in the food industry may have been partly responsible for this.
1.1 Characteristics of Y. enterocolitica
Y. enterocolitica is a member of the Enterobacteriaceae and forms small straight Gram 
negative rods or coccobacilli and is asporogenous. It is facultatively anaerobic, 
oxidase negative and catalase positive. Phenotypic characteristics are often 
temperature dependent e.g. the bacterium is non-motile at 37°C but motile with 
peritrichous flagella when grown below 30°C. In general, more characteristics are 
expressed by cultures incubated at 25-29°C than at 35-37°C (Bercovier & Mollaret 
1984; Gilmour & Walker 1988). Y.enterocolitica is psychrotrophic being able to 
grow down to -2°C (Jay 1992).
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1.2 Pathogenicity
Strains of Y. enterocolitica can be sub-divided, on the basis of biochemical reactions, 
to form five biotypes (Table 1.2). Serological and phage-typing schemes can further
Table 1.2: Biotypes of Yersinia enterocolitica
Test Biotype
1 2 3 4 5
Lipase (Tween 80) + - - - -
DNase - * * + +
Indole + + - - -
D-Xylose + + + - *
Sucrose + + + + V
Trehalose + + + + -
N 03 reduced + + + + -
All tests incubated at 28°C. *, some strains give a delayed positive reaction after 72 
hours; + , 90% or more positive within 72 hours; - 10% or less positive within 72 
hours; V, 10.1 -89.9% positive within 72 hours (Bercovier et ah 1980).
classify strains into 33 O antigen, 19 H antigen and 5 phage types (Wormser & 
Keusch 1981). Pathogenic strains of Y. enterocolitica belong to a few host-specific 
bio-sero-phage types and have a particular geographic distribution (Table 1.3). The 
reason for the specific distribution of these subgroups is unknown. Biotype 4, 
serotype 0:3 (4/0:3) and bio-serotype 2/0:9 strains are responsible for human 
yersiniosis in Europe, Canada, Japan and Africa (Mollaret et al. 1979; Wauters 1981; 
Kapperud & Bergan 1984). Phage typing makes it possible to distinguish, within bio­
serotype 4/0:3, between European, Canadian and South African strains. In the USA 
the main bio-serotype causing gastroenteritis is 1/0:8 (Stern 1982). Other bio­
serotypes have occasionally been reported to cause yersiniosis, e.g. 1/0:6,30 and 
1/0:5,27 in England and Wales (CDR unpublished report). Infections are more
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Table 1.3: Relationship between bio-sero-phage type of Yersinia enterocolitica, 
host and geographical distribution
Biotype Serotype Phagetype Host Syndrome Country
1 0:8 X Man Gastro­
enteritis
USA,
Canada
2 0:9 x 3 Man
Pigs
Gastro­
enteritis
Healthy
Europe,
Japan
Europe,
Japan
3 0:1 II Chin­
chillas
Systemic-
infection
Europe
4 0:3 VIII Man
Pigs
Gastro­
enteritis
Healthy
Europe,
Japan
Europe,
Japan
IXA Man
Pigs
Gastro­
enteritis
Healthy
South
Africa
South
Africa
IXB Man
Pigs
Gastro­
enteritis
Healthy
Canada
Canada
5 0:2 XI or II Hares
Goats
Death Europe
prevalent during the autumn and winter months and the organism is responsible for 
considerable morbidity in the cooler regions of Europe and North America. This is 
consistent with the psychrotrophic characteristic of Y. enterocolitica which include 
growth at 4°C and an optimum growth rate at 22-29°C (Bercovier & Mollaret 1984). 
The organism may therefore be able to survive and even multiply in the environment 
after it has passed from mammals in the faeces. This temperature-dependent growth 
property could give Y. enterocolitica a competitive advantage over other bacteria for 
propagation in the environment. In several countries, such as Belgium, the
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Netherlands, Canada, Australia and Germany, Y. enterocolitica has surpassed Shigella 
and rivals Salmonella as a cause of acute gastroenteritis (WHO 1983; Doyle 1991).
1.3 Human Y. enterocolitica Infection
The clinical symptoms of yersiniosis are variable and depend on factors such as the 
age and physical state of the host, the virulence of the bacterial strain and the ingested 
dose (Bottone 1977; Larson 1979).
The most Trequent “symptom of clinical yersiniosis _is acute gastroenteritis and 
represents one half to two thirds of all reported cases (Bottone 1977). Although this 
may occur at all ages, the majority of patients are less than 5 years old. A slight 
preference towards males has been observed (Vandepitte & Wauters 1979; Tacket et 
ah 1984; 1985). The illness is characterised by diarrhoea, abdominal pain, fever and 
occasionally vomiting. These symptoms are self-limiting and short-lived in most 
cases (Bottone 1977; Simmonds et al. 1987). Yersiniosis often results in acute pain 
in the lower right quadrant of the body (right iliac fossa syndrome) in adolescents. 
This is often misdiagnosed as appendicitis (Bottone 1977; WHO 1983) and has led 
to unnecessary appendectomies.
In adults a variety of other illnesses may eventually result following the initial 
gastroenteritis which, although uncommon, can be severe. These usually affect the 
skin and connective tissue, e.g. painful swelling and red blotches on the skin 
(erythema nodosum) largely confined to women between 40-70 years, Reiter’s 
syndrome, reactive arthritis (Toivanen et al. 1985) and other extra-intestinal diseases 
such as the development of ankylosing spondylitis and/or sacroileitis in patients with 
acute reactive arthritis (Aho et al. 1981). Debilitated individuals, i.e. patients with 
a compromised host defence mechanism as a result of an underlying illness, immuno­
suppressive therapy or old age, may suffer from septicaemia or atypical infections in 
many parts of the body. Mortality may be high (over 50%) in these cases (WHO 
1983).
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The incubation period of Y. enterocolitica enterocolitis ranges from 1-11 days (Cover 
& Aber 1989). Ingestion of 3.5X1CF organisms by a volunteer resulted in infection 
(Szita et al. 1973) but this large an inoculum is probably not ingested in most clinical 
cases. The minimal infective dose for human yersiniosis has not been determined and 
will always certainly depend on a number of factors. Symptoms of yersiniosis 
typically persist for 5-14 days but they occasionally last for several months (Cover 
& Aber 1989).
Antimicrobial therapy is not essential or desirable in the treatment of uncomplicated 
enterocolitis or the pseudoappehdicular syndrome which are generally self-limiting. 
Systemic infection, focal extra-intestinal infection, and enterocolitis in compromised 
hosts will however require treatment with antimicrobial therapy. Y. enterocolitica 
strains are susceptible in vitro to tetracycline, aminoglycosides, chloramphenicols, 
trimethoprim-sulfamethoxazole, third-generation cephalosporins and quinolones 
(Hoogkamp-Korstanje 1987; Raevuori et al. 1978; Ahmedy et al. 1985; Hornstein et 
al. 1985; Gasper & Soriano 1981). Most strains show considerable resistance to 
penicillin, and many to carbenicillin and cephalothin. These 13-lactam antibiotics are 
therefore not recommended in the treatment of yersiniosis. Two distinct 13-lactamases 
have been found in Y. enterocolitica which may account for the observed variable 
sensitivity pattern to the J3-lactams (Cornelis 1975). Rare clinical strains contain 
resistance (R) plasmids which encode for a third J3-lactamase giving resistance to 
antibiotics such as ampicillin (Bottone 1977). Multiple resistance to chloramphenicol, 
sulfonamides, streptomycin, kanamycin and tetracycline is also associated with the 
presence of R plasmids (Bottone 1977; Kimura et al. 1976; Cornelis 1975).
1.4 Mechanisms of Pathogenicity
Pathogenic Y. enterocolitica strains cause disease by tissue invasion and destruction 
of the gut (Bradford et al. 1974). Following ingestion of Y. enterocolitica, the 
organism is transported to the ileum in the host where at 37°C it proliferates and 
produces outer membrane proteins. These facilitate the bacterial-mucosal interaction 
by virtue of altered cell surface chemical and physical properties (Lachica et al. 1984;
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Skurnik et al. 1984). After attachment to the mucosal surface of the Peyer’s patches 
the bacterium penetrates the epithelial cells and translocates to the basal regions of 
the cells. Egestion, by phagocytic cells such as macrophages, into the lamina propria 
leads to growth of the organism. Outer membrane proteins inhibit phagocytosis and 
provide serum resistence. Colonies of Y. enterocolitica form in the lamina propria 
aided by their ability to autoagglutinate. This multiplication produces a severe 
inflammatory response resulting in yersiniosis (Portnoy & Martinez 1985). The 
inflammatory response characterised by macrophages and polymorphonuclear 
lymphocytes enhances local tissue damage such as abscess formation and ulceration. 
Lymphatic and systemic spread can occur because of bacterial resistance to host 
humoral and cellular defence mechanisms. Epithelial damage and loss of absorptive 
surface in the small intestine induces maldigestion and malabsorption of nutrients, 
causing osmotic fluid losses from the small intestine. Diarrhoea occurs when colonic 
salvage mechanisms are overwhelmed by excessive small intestine losses. 
Enterotoxins and local prostaglandin production inducing intestinal secretion do not 
appear to be involved in the intestinal fluid losses (O’Loughlin et al. 1990).
Identified pathogenic properties of virulent Y. enterocolitica are either chromosomally 
mediated, such as cell invasion and enterotoxin production, or plasmid mediated, for 
example, outer membrane antigen (V and W) production (Carter et al. 1980), calcium 
dependency for growth (Carter et al. 1980; Gemski et al. 1980), autoagglutination 
(Laird & Cavanaugh 1980), expression of temperature-dependent outer membrane 
polypeptides called Yops (Portnoy et al. 1981), complement mediated human serum 
resistence (Pai & de Stephano 1982) and bacterial surface properties including 
fimbriae (Lachica et al. 1984) and hydrophobicity (Lachica & Zink 1984; Skurnik et 
al. 1984). These plasmid-mediated virulence properties are temperature regulated, 
some are switched on below 30°C and off at 37°C while for others the reverse occurs 
(Table 1.4).
Chromosomal control appears to be of prime importance in mediating the initial 
stages of invasion and penetration of the intestinal mucosa, although plasmids may 
be involved in adherence but not invasion per se (Cover & Aber 1989; Hanski et al.
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Table 1.4: Temperature-regulated virulence markers in Yersinia enterocolitica
Plasmid-mediated Virulence Marker Temperature (°C)
25 37
Calcium dependency - +
Autoagglutination - +
Colony Morphology - +
V and W Antigens - +
Congo red uptake + +
Unique outer membrane proteins - +
Mannose-resistant haemagglutination +
Hydrophobicity - +
Pyrazinamidase + -
Serum resistance - +
1989). Cell invasion has been attributed to two chromosomal genes, inv and ail. All 
disease causing strains carry these genes. Environmental isolates have inv but not ail. 
The inv gene in nonpathogenic strains is nonfunctional while epidemic strains contain 
both functional genes (Pierson & Falkow 1990). The pathogenicity of 
Y. enterocolitica is determined by the ability of the bacteria to persist and to 
proliferate in the intestinal tissue. Only plasmid-bearing strains are however capable 
of proliferating within host tissues and establishing infection because of their 
resistence to phagocytosis (Hanski et al. 1991).
A heat-stable enterotoxin (YeST), similar to that of Escherichia coli in physical, 
chemical and physiological characteristics, is also produced by pathogenic strains (Pai 
& Mors 1978; Takao et al. 1985). The molecular weight of YeST has been 
determined to be 9,000 -9,700 daltons (Kapperud & Bergan 1984). Also, like the 
E.coli toxin, it is an activator of guanylate cyclase in intestines but not adenylate 
cyclase (Robbins-Browne et al. 1979). However the role of YeST in human 
yersiniosis is presently unclear. YeST is not produced over 30°C and/or under
anaerobic conditions in vitro and has not yet been demonstrated in vivo (Pai & Mors 
1978). It is therefore unlikely to be produced in the intestinal lumen. It may however 
be produced as Y. enterocolitica proliferates in foods and that foodborne illness caused 
by ingestion of preformed toxin may occur. YeST is resistant to heat treatment at 
121°C for 30 minutes (Boyce et al. 1979; Okamoto et al. 1980) or storage at 4°C for 
7 months, and is stable in the pH range 1-11, its production being favoured in the pH 
range of 7-8 (Boyce et al. 1979). Therefore, YeST may survive normal food 
processing and storage operations and the acid pH of the stomach. However 
pathogenic strains isolated from foods only produced detectable levels of YeST when 
grown in foodstuffs at 25°C but not when refrigerated (Olsvik & Kapperud 1982; 
Velin 1984; Fukushima & Gomyoda 1986; Schiemann 1988; Walker & Gilmour
1990).
YeST production is more prevalent among clinical isolates of Y. enterocolitica (90- 
100%) than among environmental isolates. Serotypes 0:3, 0:8 and 0:9 are almost 
always enterotoxigenic (Pai et al. 1978; Olsson et al. 1980; Kapperud 1982). Porcine 
strains belonging to the same bio-serotypes are also largely enterotoxigenic (Olsson 
et al. 1980; Schiemann 1980; de Guzman et al. 1991). Although YeST is produced 
by most clinical isolates current evidence indicates that it is not essential in the 
pathogenesis of Y.enterocolitica infection (Mors & Pai 1980; Pai et al. 1978; Aulisio 
et al. 1983; Schiemann 1981).
Pathogenic Y. enterocolitica strains possess a virulence plasmid which is required for 
full expression of virulence (Vesikari et al. 1981; Portnoy et al. 1981; Zink et al. 
1980). This plasmid has a relative molecular mass of 40-48 megadaltons and encodes 
for several virulence-related antigens and properties described previously. This 
plasmid is not required for invasion of epithelial cells or for intracellular survival but 
for intracellular multiplication within host cells (Hanski et al. 1989). Strains cured 
of plasmid, by for example subculturing on nutrient media incubated at 37°C, are no 
longer virulent (Bercovier & Mollaret 1984). There is conflicting evidence on the 
effect of low temperature growth on virulence. Lee et al. (1981a) demonstrated that 
growth at 5, 22 and 35°C had no effect on the LD50 for 2 strains of Y. enterocolitica
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isolated from human infections. Wormser & Keusch (1981) found however enhanced 
virulence at cooler temperatures, certain strains were more resistant to antimicrobials 
and to the bactericidal effect of human serum, and were more virulent in mice. It has 
been suggested that the organism is primed for virulence and invasion during growth 
outside the mammalian body at a lower temperature, and that only an initial burst of 
this activity is required on entry to the host in order to establish an infection (Maurelli 
1989). Subsequent steps in pathogenesis may then require the down-regulation of 
genes for adherence and internalisation.
There are two types of virulent Y. enterocolitica based on pathogenicity (Pearson et 
al. 1979). When given orally to mice, one type (serotype 0:8) produces fatal 
infections, whereas the other (serotypes 0:3, 0:9 and 0:5, 27) colonises the mouse 
intestines which leads to long-term faecal excretion and diarrhoeal symptoms but 
without fatal consequences. This observation reflects a difference in pathogenic 
strategies between common European and North American strains of Y. enterocolitica. 
0:8 serotypes (the most common in the USA) appear to be involved in more systemic 
infections than other serotypes. The effects in mice mimic the major pathological 
features of human disease (Carter & Collins 1974). Mice may be successfully 
infected both by oral administration and by intraperitoneal injection (Carter & Collins 
1974; Falcao et al. 1984) thereby providing a good model for the study of 
pathogenesis.
The virulence factors of Y. enterocolitica which have been reported are ability to 
penetrate tissue culture (HeLa) cells (Maki et al. 1978; Pedersen 1979; Une 1977), 
ability to evoke keratoconjunctivitis in the guinea pig (Sereny test) (Boyce et al. 1979; 
Feeley et al. 1979) and heat-stable enterotoxin production (Boyce et al. 1979; Feeley 
et al. 1979; Pai & Mors 1978; Pai et al. 1978; Robbins-Browne et al. 1979). Mors 
and Pai (1980) found that all pathogenic serotypes were HeLa positive. Sereny 
positive strains were found only in serotype 0:8 while heat-stable enterotoxin 
production was almost ubiquitous in all serotypes. A useful deoxyribonucleic acid 
(DNA) probe prepared from the virulence plasmid permits rapid identification and 
enumeration of plasmid-bearing Y. enterocolitica (Hill et al. 1983; Kapperud et al.
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1990a; Nesbakken et al. 1991).
1.5 Epidemiology
Y. enterocolitica occurs widely in the terrestrial environment and is found in lake, well 
and stream waters, which serve as sources of the organism for warm-blooded animals 
such as cattle, sheep, swine, dogs, and wild animals such as rats and birds (Fig. 1.1) 
(Hurvell et al. 1981; Swaminathan & Mehlman 1982). Generally Y. enterocolitica 
strains, with the exception of those isolated from pigs, are not normally associated 
with human infection and are usually non-pathogenic (Cover & Aber 1989; Tauxe et 
al. 1987).
Fig. 1.1: Yersinia enterocolitica reservoirs and possible modes of transmission
I A nim al reservoirs (pigs, dogs, cats, rodents, etc.)
♦ V  »
contact?
NXfaeces
pigtonsils 
4/3/VI I cold chain
Manenrichmentpork meat
salted
products
via food
direct
II E nvironm ental reservoirs (surface-, borehole-,well-water)
However in Japan, bio-serotype 4/0:3 has been isolated from rats (Kaneko et al. 
1978) and from ham and flies in a pig processing plant (Fukushima et al. 1979). 
Strains of Y. enterocolitica have been isolated from up to 10% of healthy human 
individuals, many of these are non-pathogenic and are present in small numbers and
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transient in the bowel microflora (Asakawa et al. 1979; Kanazawa & Ikemura 1979; 
Wauters 1981; Greenwood & Hooper 1987; Gilmour & Walker 1988). Pathogenic 
serotypes have however been isolated from healthy slaughterhouse workers in Japan 
(Asakawa et al 1979).
Y. enterocolitica infection may spread from person to person or animal to person, 
although the most common routes are via contaminated foods, water and milk 
(Toivanen et al. 1985). A number of food products including meat, poultry, 
vegetable and milk have been reported to harbour the organism (Mollaret et al. 1979; 
Lee etal. 1981b; Swaminathan & Mehlman 1982; WHO 1983; Greenwood & Hooper 
1985; Delmas & Vidon 1985; Gilmour & Walker 1988). Milk and pork are the most 
significant foods in terms of yersiniosis transmission. Since 7.enterocolitica cannot 
survive pasteurisation, its presence in pasteurised milk indicates post-process 
contamination from water, soil, raw milk or equipment, or improper pasteurisation 
(Schiemann 1978; Shayegani 1981; Moustafa et al. 1983; Walker & Gilmour 1986; 
Greenwood et al. 1990).
Swine are recognised chronic carriers and a major reservoir for pathogenic 
Y.enterocolitica in some European countries, Japan and the USA (Pedersen 1979; 
Wauters 1979; Hurvell et al. 1981; Lee et al. 1991). Serotypes 0:3, 0:9, and 
0:5,27 have been most frequently isolated from the oral cavity or intestinal tract of 
healthy pigs (Christensen 1981; Schiemann 1988; Anderson et al. 1991), pig 
carcasses, porcine tongues, raw pork and ham as well as butcher shop cutting boards 
where the pathogen may be transmitted from raw meat to cooked meat and then onto 
humans (Asakawa et a/. 1979; Tauxe et a/. 1987; Schiemann 1980; Nesbakken 1988; 
Mafu et al. 1989; Anderson et al. 1991; de Boer & Nouws 1991). These serotypes 
are uncommon in the USA where serotype 0:8 is the predominant pathogenic serotype 
and where human carriers are thought to be implicated.
Porcine and human strains have been found indistinguishable in their virulence 
potential (Jacob et al. 1992) and by biochemical, serological and phage-typing 
methods (Wauters 1979; 1981; Hurvell et al. 1981). Published data from a Belgian
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case control study strongly support the association between human yersiniosis and 
consumption of raw pork mince (Tauxe et al. 1987). Christensen (1987) also found 
significant correlation between consumption of pork and the occurrence of yersiniosis. 
A strong correlation has been demonstrated between human and pig serotypes in the 
same geographical area (Bottone 1977; Wauters 1979; Schiemann & Fleming 1981). 
Furthermore, molecular genetic typing methods based on detection of heterogenicity 
in virulence plasmid DNA and chromosomal DNA have been unable to distinguish 
between human and porcine strains providing additional support for the important role 
of pigs in the epidemiology of human Y. enterocolitica infection (Nesbakken et al. 
1987; Kapperud et al. 1990b; Anderson & Saunders 1990). However, direct 
transmission of Y.enterocolitica from pigs to humans has never been recorded. Swine 
carry Y. enterocolitica in their throat and excrete the organism in their faeces. 
Pathogenic strains have been isolated from effluents and the run-off from pig farms 
(Walker & Grimes 1985) and drinking water contaminated with the organism has 
been suspected in several human infections (Lassen 1972; Keet 1974; Eden et al. 
1977; Carberry et al. 1984; Scheimann 1988). The simple nutrient requirements and 
the psychrotrophic nature of Y. enterocolitica would seem to encourage survival of this 
organism in aquatic environments (Keet 1974) making water a potentially important 
vehicle for transmission of Y. enterocolitica. Epidemiological data for this is however 
lacking.
1.6 Foodborne Outbreaks of Human Yersiniosis
Several foodborne outbreaks of yersiniosis have occurred involving primarily 
Y.enterocolitica serotype 0:8 in the U.S.A and serotypes 0:3 and 0:9 in the U.K and 
the rest of Northern Europe (Swaninathan & Mehlman 1982; Gilmour & Walker 
1988; Cover & Aber 1989). A variety of foods have been implicated as vehicles in 
the outbreaks of human yersiniosis (Table 1.5). Although Y. enterocolitica can often 
be isolated, pathogenic strains are seldom present in most foods which may explain 
why food-associated outbreaks of yersiniosis are not more common.
Contaminated milk has been incriminated as the vehicle of transmission in several
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Table 1.5: Outbreaks of human yersiniosis
Year Location No. of cases Vehicle
1972-1979 Japan 1809
(7 outbreaks)
Unknown
1975 Canada 58 Unknown
1975 Canada 1600 Water?
1976 USA 36 (16)* Chocolate milk
1979 England 17 Coleslaw
1980 USA 1260 Water?
1981 USA 159 (5)* Reconstituted milk and/or 
turkey chow mein
1981-1982 USA 36 (3)* Tofu
1982 USA 16 Bean sprouts
1982 USA 53 Pasteurised milk
1982 USA 172+ Pasteurised milk
1984 England 3 Pasteurised milk
1985 England 19 Pasteurised milk
1989-1990 USA 15 Pork chitterlings
* Figures in parentheses indicate the number of individuals undergoing surgery 
+ Outbreak may have involved an estimated 1000-2000 individuals
large outbreaks of infection (Table 1.5). Those attributed to pasteurised milk 
products resulted from contamination that occurred after pasteurisation (Aulisio et al. 
1982; Tacket et al. 1984; Amsterdam et al. 1984; Barrett 1986).
The largest outbreak to date involved pasteurised milk and affected several thousand 
I people in Memphis and other areas in the USA. The rare 0:13a and 0 :13b serotypes 
were involved. The course of infection was also unusual in that, in adults, the 
predominant symptom tended to be pharyngitis with positive throat cultures. Pigs
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were implicated but never demonstrated to be carriers of the same serotype.
Y. enterocolitica was presumed to be transferred from pigs through mud onto crates 
used to transport outdated milk to a pig farm. On return to the dairy these crates 
were inadequately washed and then used to transport milk to retail outlets. 
Y. enterocolitica present on the outside of the carton led to contamination of the 
pasteurised milk during opening and handling by consumers. The organism was able 
to multiply to infectious doses under refrigeration (Tacket et al. 1984). Stanfield et 
al. (1985) demonstrated that the organism involved could survive for at least 21 days 
on the outside of the milk cartons held at 4°C.
Contamination of pasteurised milk at a creamery was responsible for an outbreak of 
Y. enterocolitica gastroenteritis at an English nursing home in 1984. Y. enterocolitica 
serotype 0:6,30 was isolated from both the milk and the three patients. The problem 
was solved by thorough cleaning and sterilisation of a milk storage tank (Barrett
1986).
Black et al. (1978) reported an outbreak of yersiniosis affecting 218 children from 
five elementary schools in the New York State in 1976. Thirty-six children were 
hospitalised and sixteen underwent appendectomies. The consumption of chocolate 
milk purchased in the schools was epidemiologically linked with the illness and the 
same bio-serotype (1/0:8) was subsequently isolated from patients and unopened 
cartons of the suspect milk. Contamination probably occurred during processing. 
Chocolate syrup was added to a large open vat of pasteurised milk and the resulting 
chocolate milk was not repasteurised prior to dispensing into milk cartons. Since 
Y.enterocolitica serotype 0:8 was not isolated from the chocolate syrup, it is possible 
that post-pasteurisation contamination of milk during storage in the open vat may have 
caused the outbreak.
During a gastroenteritis outbreak that occurred at a summer camp in New York State 
in 1981, 159 people became ill, seven were hospitalised and five had appendectomies. 
The illness was found to be associated with the consumption of reconstitued powdered 
milk and/or turkey chow mein. The same bio-serotype of Y.enterocolitica (1/0:8)
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was isolated from both these sources, the milk dispenser and faecal specimens. The 
organism may have been introduced to the foods by one of the food handlers or the 
cook (Shayegani et al. 1983).
An outbreak of Y. enterocolitica serotype 0:8 enterocolitis among members of a 
Brownie troop in Pennsylvania in 1982 was linked to the ingestion of bean sprouts 
immersed in contaminated well water (Cover & Aber 1989). In Washington (1981 
to 1982) the ingestion of tofu (bean curd) packed in untreated spring water led to an 
outbreak. Samples of tofu and the plant’s water supply yielded Y.enterocolitica 
serotype 0:8. Thirty-six individuals (mainly children) had yersiniosis and two 
underwent appendectomies and one a partial colostomy (Aulisio et al. 1983; Tacket 
et al. 1985).
From November 1988 to January 1989 an outbreak of gastroenteritis due to 
Y.enterocolitica serotype 0:3 occurred in Atlanta. Out of fifteen patients, fourteen 
were children (median age, three months). Yersiniosis was strongly associated with 
the household preparation of chitterlings, which are the large intestines of pigs. None 
of the infants had direct contact with the raw chitterlings but in nearly all cases the 
persons were touching the infant during cleaning the pig intestines (Lee et al. 1990).
1.7 Control of Yersiniosis
Measures to prevent Y. enterocolitica infection can be directed towards the elimination 
of reservoirs and the reduction of the frequency with which contaminated foods and 
beverages are ingested. Attempts to locate environmental sources and common 
vehicles of transmission during outbreaks are mandatory in the effort to prevent 
further infection. Decreased consumption of raw pork would certainly result in a 
reduced incidence of infection in countries where this is a cultural practice (Tauxe et 
al. 1987). Changes in the techniques used to slaughter swine, such as the early 
removal of the entire head from the carcass, might reduce the tonsillar, or faecal 
contamination of pork (Christensen 1987). Employment of suitable preservation 
factors will also inhibit growth of Y.enterocolitica in food.
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1.8 Factors Affecting the Growth and Survival of Y. enterocolitica in Foods
1.8.1 Temperature
The optimum growth temperature of Y. enterocolitica is 28-30°C and the maximum 
is 44°C, these temperatures being lower than normal for Enterobacteriaceae 
(Bercovier & Mollaret 1984). A minimum growth temperature of 4°C is generally 
accepted for Y. enterocolitica (Bercovier & Mollaret 1984) although other reports 
show that the organism may multiply at temperatures as low as 1°C in meat (Hanna 
et al. 1977b; Lee et al. 1981b), 0.5°C in broth media (Heim et al. 1984) and -1°C 
in UHT milk (Walker & Stringer 1988). The growth rate is however much reduced 
at low temperatures (Hanna et al. 1977b; Buckeridge et al. 1980). This means that 
refrigeration is still an effective means of control of Y. enterocolitica under many 
circumstances. Difficulties for the food industry occur only where storage lives are 
of excessive length or where refrigeration is inefficient and permits relatively rapid 
growth of Y. enterocolitica. In either case, problems will be exacerbated by the 
absence of secondary controlling factors such as a low pH value or preservatives.
There is conflicting evidence for the survival of Y.enterocolitica to freezing. Lee 
(1977) found that Y. enterocolitica appears to withstand freezing well and can survive 
in frozen foods for long periods (-18°C for up to 90 days). Hanna et al. (1977a) and 
El-Zawahry & Rowley (1979) found however, that Y. enterocolitica died rapidly 
during frozen storage of inoculated beef at -18 to -20°C in 28 days.
The repeated isolation of Y. enterocolitica from commercially pasteurised milk and 
cream (Hughes 1979; Delmas & Vidon 1985; Greenwood & Hooper 1985; 
Greenwood et al. 1990) gave rise to initial suggestions that the organism possessed 
a high degree of heat resistance. It has been shown that its presence in pasteurised 
products reflects improper heat treatment and while there is considerable strain 
variation in thermal tolerance, the organism will not survive properly applied 
pasteurisation. D-values in whole milk at 62.8°C ranged from 0.7-17.8 seconds when 
21 strains were tested (Francis et al. 1980) although Lovett et al. (1982) found a 
higher resistance with 3 strains having D-values ranging from 0.24-0.96 minutes
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under the same conditions. The latter workers also reported Z-values of 5.11-5.78°C. 
Consequently the incidence of the organism in pasteurised milk is much lower (0-8% 
of samples tested) than in raw milk (Schiemann 1978; Shayegani 1981; Moustafa et 
al. 1983; Walker & Gilmour 1986). The presence of Y. enterocolitica in pasteurised 
milk is a cause of concern as it can thrive and multiply at 3-4°C in whole milk (Stem 
et al. 1980b; Amin & Draughon 1987). Also the reduction of other psychrotrophic 
bacteria in milk after pasteurisation would enable a poor competitor such as 
Y. enterocolitica to grow better in pasteurised than in raw milk (Amin & Draughon
1987).
The introduction of a pasteurisation stage has been specifically recommended as a 
means of increasing the safety of soya products such as tofu where in the 
Netherlands, 11% of samples were found to be contaminated by Y. enterocolitica 
including strains occasionally associated with disease, e.g. 1/0:6,30 (van Kooij & de 
Boer 1985).
1.8.2 pH Value and Acidity
Y.enterocolitica is generally considered to be sensitive to low pH conditions, and 
acidity has been proposed as a way of controlling its growth (Moustafa et al. 1983; 
Neilsen & Zeuthen 1985). In broth culture studies, Stem et al. (1980a) found the pH 
range for growth to be 4.4 to 9.0. The optimum pH range for growth is 1.2-1 A  
(Bercovier & Mollaret 1984).
Y. enterocolitica has been shown to survive in acidic foods, such as tartare sauce 
(Stem & Pierson 1979) and artificially contaminated mayonnaise (pH 3.8) held at 5°C 
for 48 hours (Brackett 1986). Y. enterocolitica inoculated into milk used for the 
manufacture of hard cheese tends to decrease during cheese making and ripeninig 
(Moustafa et al. 1983; Northolt 1984). The rate of inactivation is affected by the 
final pH value (amongst other factors) and this is particularly important in cheeses 
with a high moisture and low salt content (Moustafa et al. 1983; Karaioannoglou et 
al. 1985). Y. enterocolitica has been isolated from 7% of cottage cheese (Roy 1983) 
and 9.2% of cheese curd samples tested (Schiemann 1978). Rapid death occurs in
yoghurt held at 4°C after the pH decreases to pH 4.5 (Mantis et al. 1982).
1.8.3 Irradiation
Specific information on the irradiation tolerance of Y. enterocolitica is limited. 
However it is considered to be among the most radiation sensitive of foodborne 
pathogens (El-Zawahry & Rowley 1979). In trypone soya broth (TSB), strains were 
inactivated by doses in the range 0.7 to 1.2 Kgy, approximately double this dose was 
required to produce the same effect in ground beef at 25°C. Y. enterocolitica would 
therefore be controlled by the dose of 3 Kgy proposed for the elimination of 
Salmonella.
1.8.4 Other Inhibitors
Relatively few studies have been made concerning the effect of other inhibitors used 
in foods on the survival and growth of Y. enterocolitica. In general terms, the 
resistance of the organism is similar to that of other members of the 
Enterobacteriaceae (Varnan & Evans 1991). Y. enterocolitica is able to grow, in 
broth medium, in 5% sodium chloride (NaCl) but concentrations above 7% are 
bactericidal (Stern et al. 1980a), as is sodium nitrite (NaN02) at a concentration of 
about 200mg/l (Raccach & Henningen 1984). Y. enterocolitica may also be controlled 
by 0.1 to 0.2% sorbate at pH 5.5 (Restaino et al. 1982).
1.8.5 Interaction of Factors to Inhibit Growth of Y.enterocolitica
With the greater emphasis on the development and marketing of refrigerated foods 
by the food industry, use of accessory antimicrobial factors is growing in importance. 
Temperature abuse of refrigerated products during distribution, retailing or in the 
hands of the consumer would increase the potential to cause harm (Beuchat & Golden
1989). Refrigerated foods will require other preservative factors to prevent growth 
of psychrotrophic pathogens such as Y. enterocolitica. This is of concern as 
consumers have increasingly demanded foods with minimal processing. However the 
growth of foodborne pathogens can be controlled by applying a multiple factor 
approach. This allows combinations of factors at subinhibitory levels to be used 
(Scott 1989; Lechowich 1988). Examples of such factors include thermal processing,
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pH reduction, i.e. increased acidity, competitive microflora, reduced water activity 
(aw) and modified atmosphere packaging (MAP). This effect of superimposing 
limiting factors has been described by Leistner and Rodel (1976) as the "hurdles 
concept". Theoretically microorganisms must get past all the hurdles or factors in 
order to grow in the product. Factors of different intensity frequently interact to 
produce "higher" hurdles and therefore affect microbial growth and/or survival. The 
effects of these interactions may be additive or synergistic (Leistner 1987). The use 
of one or more antimicrobial factors in refrigerated foods, in addition to refrigeration, 
would therefore provide greater product safety.
Knowledge of the effectiveness of combinations of factors would be valuable in 
allowing predictions of microbial response and safety of new formulations in product 
development. Laboratory generated data could be used to predict the effect that 
changing certain factors would have relative to other factors with regard to increasing 
or decreasing microbial growth and/or survival. These types of predictions are 
particularly important with refrigerated foods since the storage temperature is 
frequently the primary hurdle, and temperature abuse is not uncommon.
1.9 Aims of this Study
This thesis reports the results of a study into the effects of environmental conditions 
(pH, acidulant and temperature) on the growth and survival of Y. enterocolitica. The 
work is divided into two parts: the first where quantitative data on growth and 
survival are presented and used to develop predictive mathematical models; and the 
second where the effects of pH and temperature on cell homeostasis are discussed.
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PART I
Chapter 2 Mathematical Prediction of Microbial Growth and 
Survival in Foods
The traditional approach to assessing the microbiological stability and safety of food 
products has been to use the challenge test. In these trials, specific microorganisms 
are inoculated into the product and their fate observed under conditions that are 
representive of those encountered during distribution, storage and use. This approach 
has limited predictive value since data obtained from such experiments are only 
directly relevant to the specific foodstuff studied and under the storage conditions 
tested. Any changes in the formulation, packaging, storage or use of the product 
require the trial to be repeated. The challenge trial is therefore time consuming, 
labour intensive and expensive to perform. In addition, the challenge test does not 
provide information about the tolerances for the controlling factors - how near these 
are to allowing unacceptable levels of microbial growth (Baird-Parker & Kilsby 1987; 
Gould 1989a; Cole 1991).
Predictive microbiology offers an alternative to traditional microbiological assessment 
of food quality and safety. The concept is that a detailed knowledge of the microbial 
ecology of a food product can be expressed as a mathematical model to enable 
objective evaluation of the effect of processing, storage and distribution operations 
on microbial development (Roberts 1989; McMeekin et al. 1992).
Traditional microbiological tests are generally too slow to be used in process control, 
and a radical approach has been to develop mathematical models that will predict the 
growth responses of microorganisms of concern. Such models would, for example 
complement the hazard analysis critical control point (HACCP) system (ICMSF 1988) 
which is now widely accepted in the food industry as superior to traditional inspection 
and end-product testing approaches to food hygiene (Roberts 1989).
Bacterial thermal death kinetics is a well established mathematical approach to 
predicting the reduction in viable numbers in foods. The ’botulinum cook’ model 
(Esty & Meyer 1922), for example, has been used internationally with great success
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in the canning industry for predicting the probability of survival of Clostridium 
botulinum spores during heating. This mathematical model has enabled the design of 
heat processes for low acid canned foods with an acceptable safety margin (Stumbo 
et al. 1983).
The ’botulinum cook’ model is in fact an inactivation model, representing microbial 
survival. Much of the recent development of mathematical modelling in food 
microbiology has concentrated on predictive growth models. These are generally 
more complex but have been facilitated by the development and accessability of 
powerful modem computers, thereby providing the food microbiologist with a 
powerful tool to predict accurately food quality and safety with speed and confidence.
2.1 Stages in Predictive Modelling
There are five essential steps in the modelling procedure (Farber 1986; Cole 1991);
2.1.1 Planning
This requires a clear and specific statement of the problem, followed by identification 
of the response variables, e.g. growth rate or toxin production, and explanatory 
variables, e.g temperature, pH, which are relevant and are believed to have an effect 
on the problem.
2.1.2 Data Collection
The response variable defined in the planning stage is measured at various levels of 
explanatory variables. These should cover the full range of interest and sufficient 
measurements collected to permit adequate testing of the model. Good quality data 
is essential for the production and validation of models, otherwise incorrect 
predictions will be made.
2.1.3 Model Fitting
Different models (equations) are fitted relating the response variable and explanatory 
variable(s) and then those explanatory variables and the form of the model which best
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describes the experimental data are determined.
2.1.4 Model Validation
The model is evaluated using experimental data not used to construct the model. 
Model predictions may be tested in both standard growth media and foodstuffs at risk.
2.1.5 Prediction
The model is used to predict unknown growth responses by interpolation.
Extrapolation into areas where there are no data points may not yield valid
predictions. Following this rule, the effect on bacteria of changing any of the factors, 
within the scope of the approved model, can be predicted at any point in the food 
chain.
2.2 Criteria for Selection of Models
To users of predictive models an important criterion for selection is how well the
model describes the data. Of even greater importance is its predictive accuracy, i.e
how well it models observations not used in constructing the model. McMeekin et 
al. (1992) has described a number of criteria which may be used in the evaluation and 
comparison of the model:
(a) The model must accurately fit data.
(b) The model must be capable of predicting the effects of novel conditions.
(c) The model must incorporate a full range of explanatory (independent) and Q \x
response (dependent) variable values.
(d) The error term must be correctly specified.
(e) The model chosen should have the minimum number of parameters required to fit 
the data. This will also aid ease of use.
(f) Interpretable parameters are desirable, but estimates of parameter values must be 
realistic.
(g) Reparameterisation of the basic model may be considered to improve statistical 
qualities.
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Realising the potential benefits of predictive food microbiology depends entirely on 
the selection of appropriate models. The choice between different competitive models 
is not straightforward and requires careful comparison of the fitted models or 
predicted values.
2.3 Predictive Growth Models
There is considerable current interest in modelling the effects of different parameters 
on the growth of microorganisms with a view to predicting shelf-life and safety of 
foods (Baird-Parker & Kilsby, 1987; Gould 1989a; Roberts 1990). Several different 
types of predictive model that can be applied to food systems have been developed 
in response to this.
2.3.1. Probabilistic Models
Probabilistic models give a quantitative assessment of the chance that a particular 
microbiological response will occur under given conditions. This type of model has 
been used frequently to describe the probability of toxin production in foods. Models 
have been developed for proteolytic strains of C. botulinum types A and B grown in 
a simulated meat product (Roberts et al. 1981c; 1982; Lund et al. 1985) and in fresh 
pork (Dodds et al. 1992). These models predict the effect of a range of physical and 
chemical factors on the probability of growth and toxin production by C.botulinum. 
Similar probabilistic models have been produced under conditions relevant to acid or 
acidified foods and to the effects of preservative factors on the probability of growth 
of pathogens ( Graham & Lund 1986; 1987; Lund et al. 1985; 1990; Razavilar & 
Genigeorgis 1992).
Roberts et al. (1981c) fitted the proportion of samples containing toxin within each 
treatment combination (p) to a logistic equation. This equation (1) describes the 
relationship between the probability of toxin production and the level of factors 
present.
p = 1 / (1 + e-'*) (1)
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where fx is the expression for the individual terms derived by regression of a factor 
which varies over a defined range (Table 2.1). Thus any factor which reduces n will 
reduce the probability of toxin production. Factors which have been tested include 
sodium chloride (NaCl), sodium nitrite (NaN02)(input), heat treatment, the presence 
or absence of other preservatives such as isoascorbate, polyphosphate and nitrate, and 
incubation (storage) temperature (Roberts et al. 1981a; 1981b; 1981c). Out of the 
many different factors tested three single factors, nitrite, incubation temperature and 
isoascorbate, were found to be much more important in preventing toxin production 
than the others, and than factors acting in combination.
Table 2.1: The probability of toxin production by Clostridium botulinum types A 
and B in pasteurised pork slurry in the pH range 5.5 to 6.3
Probability of toxin production (P) = 1/(1 + e'M)
where /z = 4.679
- 1.47N where N = NaN02 (/xg/g x 102)
- 1.104S S = NaCl (% w/v)
+ 0.1299T T = storage temperature (°C)
- 2.09 + 0.67N if 500/xg/g nitrate added
- 6.238 + 0.8264S 1000jLtg/g isoascorbate added
- 1.7049 + 0.3987N 0.3% polyphosphate added
- 1.771 + 0.3997N heat treatment High (80°C/7min +70°C/lh)
- 0.01937NT
- 1.2824 nitrate and polyphosphate added
+ 0.99 nitrate added and heat treatment High
(From Roberts et al. 1981c).
Hauschild (1982) used a simpler approach to predict the probability (P) of individual 
spores growing out and producing toxin within a given period of temperature abuse 
(eqn. 2).
P = MPN / s (2)
where MPN is the most probable number of spores outgrowing and producing toxin 
production per sample and s is the total number of inoculated spores per sample. 
MPN may be calculated as (eqn. 3):
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MPN = Ln (n/q) (3)
where n is the total number of samples and q is the number of nontoxic samples 
(Halvorson & Ziegler 1933).
These models give only an indication of the probability of growth or toxin production. 
Such information can be extremely useful when the microorganism of concern is able 
to produce a lethal toxin, but does not describe how quickly or how much growth 
may occur.
2.3.2 Response Surface Models
Response surface models predict the time to a particular event such as growth to a 
certain level or detectable toxin production. These models are derived by analysing 
the actual data for a least squares fit to a polynomial model (usually quadratic or 
cubic) using commercially available statistical software packages. The resulting 
polynomial equations may then be used to predict the response of the organism by 
interpolation within the limits set by the design of the experiment. The response 
surface model can also be used to determine the nature of interaction between the 
factors on the growth of the microorganism of concern, i.e. whether there is any 
synergistic action between the factors studied (Smith et al. 1988; Cole 1991).
Developed initially for process optimisation studies in chemical engineering (Smith 
et al. 1988), the response surface model has now been applied to studies of bacterial 
growth. It has been used successfully to predict the effects and interactions of 
hydrogen ion concentration and salt concentration on the time to visible growth of 
Listeria monocytogenes at a number of storage temperatures (Cole et al. 1990). For 
example, at 10°C the relationship may be represented as in Fig. 2.1 and expressed in 
mathematical terms as (eqn. 4):
LTG(10°C) = 1.44 - 0.129[S] + 0.145[H] + 0.0345[S]2 + 0.0017[H]2 - (4)
0.00309[H][S]*
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where LTG is the natural logarithm of the time to growth, [S] is the salt concentration 
(% w/v), [H] is the hydrogen ion concentration in jumol/1. Terms marked with an 
asterisk have an insignificant contribution at the 5 % confidence level and can be left 
out of the predictive equations with little consequence.
Fig. 2.1: Response surface for the effect of salt concentration and pH on the 
growth of Listeria monocytogenes
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(From Cole 1991)
Other successful applications of this type of model include predicting the effect of\
water activity, pH, temperature, potassium sorbate, carbon dioxide concentration and 
inoculum level on growth of Aspergillus niger in a bakery product (Smith et al.
1988), of pH and sugar concentration (°Brix) on growth of Zygosaccharomyces bailii 
in a fruit drink (Cole & Keenan 1987) and of oxygen concentration, irradiation dose, 
storage temperature and storage time of time to toxin production by C. botulinum in 
fresh pork (Dodds et al. 1992).
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Response surface modelling is a statistical technique that uses quantitative data to 
determine and simultaneously solve multivariate equations which specify the response 
for a specified set of variables or factors. The advantages of this type of predictive 
modelling are that it provides more information in less time and at less cost than the 
one variable at a time approach. It suggests combinations of the most important 
factors, processing and storage conditions to give a desired response such as 
inhibition of microbial growth. It also allows the presentation of results in a readily 
understood graphical form (Henika 1982).
2.3.3 Kinetic Models
Kinetic models describe the change in bacterial numbers with time, e.g. the rate of 
growth. They include parameters such as the lag phase duration and the generation 
time, and model them as the response variable. This approach is more precise than 
the response surface technique since individual parts of the growth curve may respond 
differently to changing conditions. Kinetic models which predict the rate, or amount 
of growth are also appropriate for use with spoilage as well as food poisoning 
organisms (Roberts 1989).
Kinetic modelling is usually performed in two stages following the methods of 
Broughall et al. (1983); Broughall & Brown (1984) and Jefferies & Brain (1984). 
The first stage involves modelling the bacterial growth curve by either a logistic (eqn. 
4) or a Gompertz function (eqn. 5), as a function of time (Richards 1959; Ricker 
1979; Jason 1983; Jefferies & Brain 1984; Gibson et al. 1987) (Figs. 2.2 & 2.3).
The logistic curve is given by
L(t) = D + C / {1 + exp[-B(t-M)]} (4)
and the Gompertz curve by
L(t) = D + C exp {-exp[-B(t-M)]} (5)
29
where L(t) is the log10 count of bacteria at time (in hours) t (log10 CFU/ml). This 
allows the growth curve to be described by four parameters B, M, C and D, where 
D is the asymptotic log count as t decreases indefinitely (initial level of bacteria, log10 
CFU/ml), C is the asymptotic log count as t increases indefinitely (number of log 
cycles of growth, log10 CFU/ml), and B is a function of maximum growth rate and 
C (log10 CFU/ml/h), and M is the time of the inflexion point of the function, B (h). 
These growth curve parameters are illustrated in Figure 2.2.
Fig. 2.2: A growth curve
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Growth curve parameters: L, end of lag phase; G, end of exponential growth phase; 
fM, maximum growth rate; M, time when growth rate reaches its maximum; A, upper 
assymptote of curve (From Garthwright 1991).
v
The logistic equation has been used extensively to describe the growth of various 
biological systems (Lobry et al. 1992). This model was created by Verhulst (1845; 
1847) for human population growth modelling and later rediscovered by Pearl and 
Reed (1920) for the same purpose. Applications to microbial growth have also been 
published (Jason 1983; Corman et al. 1986; Gibson et al. 1987; Zweitering et al.
1990). The Gompertz equation was originally used to describe the distribution of
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Fig. 2.3: Growth curve of Lactobacillus plantarum at 40°C fitted with the 
Gompertz (Gom) and logistic (Log) models
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(From Zweitering et al. 1990)
ages in human populations (Gompertz 1825) and has also been successfully applied 
to describe the individual growth phases of several bacteria (Gibson et al. 1987; 
1988; Mackay & Kerridge 1988; Buchanan et al. 1989; Zaika et al. 1989; Buchanan 
& Phillips 1990; Palumbo et al. 1991; 1992; Maijala et al. 1992). Both equations 
model a situation where population growth rate declines as the population increases. 
They differ in the respect that the logistic curve is symmetrical whereas the Gompertz 
is not. Experience has found that the latter gives a better fit to the microbial growth 
curve (Gibson et al. 1987; Bratchell et al. 1989; Zweitering et al. 1990). Other 
reasons for the superiority of the Gompertz equation have been succinctly summarised 
by Garthwright (1991) and Zweitering et al. (1990).
The second stage models the variation of the parameters derived from the fitted curve 
as a function of growth conditions. This is expressed as either a cubic or quadratic 
polynomial equation allowing the interaction of factors and their variable 
combinations on the growth kinetics of the organism to be predicted within the limits 
of the experiment (Roberts 1989). These equations are then evaluated for fit to actual
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data. The predicted values are used to estimate maximum growth rate (MGR), 
generation time (GT), lag time (LT) and maximum population density (MPD):
MGR = BC/e [log10 (CFU/ml)/h]
GT = log 10 2e/BC (h)
LT = M-(l/B) (h)
MPD = D +  C (log10 CFU/ml)
The use of the Gompertz equation in conjunction with appropriate curve fitting 
software has proved to be highly effective for generating growth curves and for 
quantifying the impact of factors on the individual microbial growth phases. The 
subsequent use of this mathematical expression to integrate lag phase duration and 
growth rates and predict expected times for a microorganism to reach target 
population levels provides a powerful tool. Multidimensional graphs produced from 
this function are also helpful in visualising the relationships among factors (Fig. 2.4).
Fig. 2.4: 3-dimensional graph showing predicted generation time of salmonellae 
at pH 6.8
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(From Roberts 1990)
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Another approach has been to use models based on the classical Arrhenius equation
(6) which relates the reaction rate constant (k) of a chemical reaction to absolute 
temperature (T) (Arrhenius 1889).
k = A exp (-E/RT) (6)
where A is the Arrhenius frequency factor, E is the activation energy and R is the 
universal gas constant.
If microbial growth is assumed to be the end product of a sequence of enzymatic 
reactions and that only one reaction in this sequence limits the specific growth rate, 
then k can be interpreted as the specific rate constant and E as a temperature 
characteristic, which is derived from the slope of the Arrhenius plot. A and E would 
then be constant with temperature and a plot of Ln k against 1/T would produce a 
straight line. Ingraham (1958) used this equation to describe the variation of growth 
rate of psychrophilic bacteria with temperature. However inspection of Arrhenius 
plots reveals that concave downward curves are infact obtained in the sub-optimal 
temperature range (Ratkowsky et al. 1982; McMeekin et al. 1986). The relationship 
between the log of the growth curve parameters, for example lag time or generation 
time, and the inverse of the absolute temperature is therefore nonlinear or at least 
linear over only a portion of the temperature range (Ratkowsky et al. 1982; Adair et 
al. 1989). This indicates that E is in fact a decreasing function of temperature (Baig 
& Hopton 1969; Johnson et al. 1974).
The Arrhenius equation describes the relationship between temperature and the rate 
of first-order chemical reactions and is of universal validity only for elementary 
reactions (Laidler 1950). Failure of data to fit this equation indicates that a reaction 
is not a simple one. Bacterial growth is a complex biological process involving a 
variety of substrates and enzymes (Mohr & Krawiec 1980), it is therefore not 
surprising that the Arrhenius equation does not adequately describe the effects of 
temperature on bacterial growth (Stannard et al. 1985; Phillips & Griffiths 1987).
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Davey (1989) modified the classical Arrhenius equation (6) to produce a predictive 
model which fits the observed response better. The original activation energy of the 
Arrhenius equation has been replaced with two coefficients of inverse temperature in 
this linear equation (7)
In k = C0 + Cj/T + C2/T2 (7)
where k and T are as previously defined and CQ to C2 are coefficients to be 
determined. Davey further modified this form of the equation to include other 
factors, such as water activity (aw) and pH which affect k (8)
In k = C0 + Cj/T + C2/T2 + C3aw + C4aw2 (8)
C0 to C4 are again coefficients to be determined. This modified and ’additive’ 
Arrhenius model was universally applicable in predicting the combined effects of 
temperature and aw on growth rates of bacteria in defined substrates (Fig. 2.5) (Davey 
1989). An additional factor, such as pH, could be added to equation (8) through least 
squares regression to give a model which would predict the response to the 
combination of all three factors.
The Davey model can be fitted to data using least squares regression. The good 
agreement between predictions of the model (8) and the wide ranging experimental 
data used gives confidence that the model may be universally applied. This together 
with its apparent simplicity and relative ease of use should result in it being of 
practical use in, for example processing design. Extrapolation of data through 
predictions from the model must however be done with caution. This equation does 
not predict the limiting value of aw, or temperature, for growth. Davey (1989) has 
suggested that in view of the good agreement between model predictions and the 
observed response, limited extrapolation might be made without introducing large 
errors.
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Fig. 2.5: Fitted lines of model predictions to Salmonella typhimuiium in UHT 
milk for various water activites.
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(From Davey 1989)
A non-linear regression of the Arrhenius relationship covering the lower temperature 
range was proposed by Schoolfield et al. (1981) (eqn. 9) which is based on the model 
of Sharpe & DeMichele (1977) to produce a better fit to the observed response.
K
f  r HA f 1Pi25) exp[ (----
298 R 298 P
. ,H L .  1 1.,
h
(9)
where K is the lag or generation time; p(25) is the growth rate at 25°C; T is the 
absolute temperature (°K); HA is a constant describing enthalpy of activation for 
microbial growth; R is the universal gas constant (1.987 cal mol'1 k'1); HL is a 
constant describing the enthalpy of low temperature inactivation of growth and T1/2L
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is a constant describing the temperature for 50 per cent low temperature inactivation 
of growth.
This model can be used to predict the effect of temperature, aw and/or pH on both the 
lag and generation time. The log10 of the lag or generation times is plotted against 
the reciprocal of the absolute temperature and a curve of best fit is obtained (Fig. 2.6) 
using equation (9).
Fig. 2.6: Arrhenius plots of Staphylococcus aureus generation times at various 
water acivities
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(From Broughall et al. 1983)
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The Verhulst differential equation (Verhulst 1838) (10) is then used to calculate the 
extent of microbial growth after a given incubation time, t. This equation is an 
exponential function in which the growth rate slows down as the maximum population 
is reached and is as follows
\
N = b / { 1 +(b-N0/N0j exp [-0.693(t-L)/K]} (10)
where L is the predicted lag time, N is the final concentration of bacterial cells at 
time t, N0 is the initial concentration of cells and b is the maximum concentration of 
cells achievable. K is the calculated generation time during the exponential phase of 
growth for the defined temperature and other conditions. If the time, t, is shorter or 
equal to the predicted lag time, L, then N = N0.
The Schoolfield/Verhulst model has successfully been applied to bacterial growth data 
describing the effects of temperature and a* and of temperature, a.^  and pH on the 
separate lag- and generation time kinetics (Broughall et al. 1983; Broughall & Brown 
1984). The parameters of the Schoolfield equation (9) were replaced by empirically 
derived functions of a* and subsequently pH.
The most useful application of these models may be in the prediction of microbial 
growth in foods which have been subjected to several time/temperature cycles as it 
is possible to combine data on lag and exponential periods of growth to produce an 
integrated prediction (Adair et al. 1989). This information would be valuable in 
HACCP techniques applied to process and distribution chains of chilled foods where 
temperature may fluctuate. This could lead to better applications of HACCP 
techniques, where traditionally the effects of various interaction parameters on the 
growth of microorganisms is neglected. Also the model could be used to assess the 
time required for a certain pathogen to reach critical levels in food containing known 
inherent hurdles (Broughall & Brown 1984).
The Schoolfield model is however relatively complex and requires a sophisticated, 
(iterative) non-linear least squares, method of fitting to the data. The version 
proposed by Broughall & Brown (1984) which describes the combined effects of a*,, 
pH and temperature on bacterial growth has fourteen parameters which require 
estimation compared with, for example, five for the corresponding Davey model (8). 
Adair et al. (1989) therefore rewrote the original equation to involve two separate 
linear coefficients (A and B) together with the two non-linear coefficients (F and D). 
The rewritten Schoolfield equation (11) has therefore four coefficients to be 
estimated, compared with two for the square root equation (12) and two and three for
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Arrhenius (eqn. 6) and Davey (eqn. 7) models respectively. This alternative form of 
the Schoolfield model (eqn. 11) has improved numerical stability and increased speed 
of convergence when data are fitted to the model. Convergence is not as dependent 
on starting values compared with the original form of the equation (9) (Adair et al.
1989). The new form of the model has the natural log of time (Ln time) as the 
dependent variable and has some similarities to the equation of Sharpe & DeMichele 
(1977).
In (K) =  A + (B/T) - InT + In[l + exp{F +  (D/T)}] (11)
where K is the lag or generation time, T is the absolute temperature (°K), A, B, D, 
and F are expressed in terms of HA, HL, T1/2L and p(25) as in eqn. 9
A = In 298 - (HA/(Rx298)} - In p(25)
B= HA/R 
D = -HL/R 
F = HL/(T1/2LxR)
Adair et al. (1989) found that this form of the Schoolfield model made realistic and 
reliable predictions of growth for a range of bacteria in various food products.
An alternative approach which has met with considerable success is the square root 
model of Ratkowsky et al. (1982) (eqn. 12). The square root model describes the 
growth rate responses of many species of bacteria and yeasts with respect to 
temperature as well as the temperature/rate relationship of the deterioration of 
proteinaceous foods and the organoleptic change associated with the deterioration of 
seafood and pasta products (Pooni & Mead 1984; Bremner 1985; Chandler & 
McMeekin 1985; Gibson 1985; Gill & Harrison 1985; Smith 1985; Stannard et al. 
1985; Gill 1986; McMeekin & Olley 1986; Phillips & Griffiths 1987; Mackay & 
Kerridge 1988; Gibbs & Williams 1990; Tatini et al. 1991). The effect of sub- 
optimal temperature on bacterial growth rate, as expressed by eqn. 12, may be fitted 
by simple linear regression (Ratkowsky et al. 1982).
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Vr = b(T - Tmin) (12)
where r is the bacterial growth rate; b is the regression coefficient of the square root 
of rate versus sub-optimal temperature; T is the absolute temperature (°K) and TMIN 
is the theoretical minimum growth temperature for the organism and has no 
physiological significance. Between the minimum and up to the optimum temperature 
for growth this relationship is linear. TMIN is determined by extrapolation of the 
square root plot to the temperature axis a tV r= 0  (Fig. 2.7).
Fig. 2.7: Square root plot for growth of Pseudomonas group 1 strain 16L16
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There is a clear distinction between TMIN, which is a theoretical value, and the 
minimum temperature at which growth is observed during the time of an experiment. 
For some organisms, i.e. psychrotrophs and psychrophiles, TMIN is not achievable in 
practice as the values are well below the freezing point of normal media (Chandler 
& McMeekin 1989a).
The square root equation used to desribe the effect of sub-optimal temperature on
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bacterial growth rate was developed from the empirical model of Ohta & Hirahara 
(1977) which described the effects of temperature on nucleotide degradation in cool 
stored carp muscle. Subsequently Ross (1986) showed that the simple square root 
model was a special case of Belehradek’s temperature function (eqn. 13) in which the 
exponent has the value two (Belehradek 1926a; 1926b; 1935).
r = a(T - a)d (13)
where r is the developmental rate, T is the temperature and a,d and a are constants 
to be fitted for the particular organism under study. The constant a is the ’biological 
zero’ and is equivalent to TMIN in the square root models. The Belehradek equation 
has been used extensively to describe temperature dependence of the rate of 
development or growth of a wide variety of aquatic animals (McLaren 1965; 
McLaren et al. 1969). Use of the square root form is preferable for fitting the 
equation to actual data, as the residuals from the fitted equation in this form tend to 
be homogeneous with temperature (McMeekin et al. 1987).
Models may now be multidimensional and include factors such as aw or pH. For 
example, the basic square root equation has recently been modified to incorporate aw 
as a further variable (eqn 14) (McMeekin et al. 1987; Chandler & McMeekin 1989a; 
1989b).
v^r = c\/(aw - awMESfXT - TMIN) (14)
where r, T and TMIN are as previously defined, c is a regression coefficient and awMIN 
is the theoretical minimum 2^  for growth of the organism. This equation describes 
the effects of temperature with aw on bacterial growth rate. Chandler and McMeekin 
(1989a) reported that the growth rate response of Staphylococcus xylosus strain 
CM21/3 to temperature and 2^  may be modelled by eqn. 14, regardless of the use of 
sodium chloride (NaCl) or glycerol to adjust aw. Therefore this model may be useful 
in systems in which aw is controlled by different humectants and possibly 
combinations of humectants. TMIN was shown not to change with changing aw or the
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humectant used, but the ^  was dependent upon the humectant (McMeekin et al. 
1987; Chandler & McMeekin 1989a; 1989b). This form of the equation is a 
reflection of the observation that the effects of temperature and a^ are additive, rather 
than synergistic, i.e they are acting independently. This observation is also apparent 
in Davey’s modified Arrhenius model (8). The model (eqn. 14) has been successfully 
applied to the growth of other organisms, such as Staphylococcus aureus and several 
strains of Aeromonas hydrophila (Ross & McMeekin 1991).
Tmin was found to be constant (McMeekin et al. 1987; Chandler & McMeekin 1989a; 
1989b) which is important in the development of simple models to predict growth 
under restrictive conditions where temperature is one among several controlling 
factors (McMeekin et al. 1987). It is also important in the application of predictive 
modelling, through the use of devices such as temperature function integrators or 
chemical indicators which mimic the growth response of the organisms of concern. 
A fixed TMin value means that the growth response can be written as a simple relative 
rate function to be incorporated into the monitoring device (McMeekin & Olley 
1986).
One criticism of the square root model is the inclusion of the lag phase duration, as 
well as the eventual growth rate, on the grounds that the response of these two 
growth parameters to environmental constraints may differ. In practice, this has not 
in fact been found to be a serious problem. Square root-type models have proven 
useful in predictive microbiology as well as other fields of biology. They have found 
acceptance by a wide range of workers and have been incorporated into commercial 
devices for monitoring the microbiological shelf-life and safety of foods (McMeekin 
et al. 1992; Ross 1992). Rigorous critical comparisons that have been undertaken 
suggest that the square root-type models perform at least as well as any other kinetic 
models advocated for use in predictive microbiology (Stannard et al. 1985; Phillips 
& Griffiths 1987; Zweitering et al. 1991).
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2.4 Predictive Survival Models
In view of the increasing use of multifactorial techniques of food preservation, models 
are required which would allow accurate prediction of microbial survival times under 
a variety of conditions.
Thermal inactivation of microorganisms has traditionally been described as log-linear 
in nature, i.e the log number of survivors decreases in a linear manner with time
Fig. 2.8: Commonly observed deviations from classical heat-inactivation kinetics
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(a) classical heat-inactivation kinetics. An initial rise (c) in numbers of colony- 
forming units (cfu) or a shoulder (b) may result from heat activation. For curve (b) 
’multi-hit’ inactivation processes have been proposed, or extensive clumping can 
result in a delay before numbers of cfu fall. Commonly observed tailing (d) may 
result from the presence of small numbers of large clumps in the suspension, or from 
heterogeneity in resistance within the population, or even from ’heat adaption’, i.e. 
an increase in heat resistance occurring during heating. Combinations of these factors 
will generally result in sigmoidal curves, such as the dashed one (e). (From Gould 
1989b)
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(Stumbo 1973). This is despite a plethora of data that shows constant deviation from 
such kinetics for a wide range of organisms and conditions (Fig. 2.8) (Gould 1989b). 
Deviations from log-linear kinetics are usually explained in terms of errors due to 
experimental artifacts (Stumbo 1973; Gould 1989b).
The D-value is the time required for a ten-fold reduction in cell numbers after 
exposure to stress such as heat. When plots of log10 of cell number versus time are 
linear, the D-value is a convenient measure of the sensitivity of the cells to a 
particular stress (Stumbo 1973). When such plots are not linear, the D-value may be 
estimated from the ’linear’ portion of the curve. For biphasic survival curves, there 
are two cell populations which differ significantly in their stress-sensitivites. 
Therefore such curves must be characterised by at least two D-values together with 
an estimate of each population size. The D-value alone provides no information 
about the length of time required for significant reduction in cell number when there 
is pronounced lag in death (Stumbo 1973; Kamau & Pruitt 1992).
A number of attempts to describe deviations from log-linear kinetics have been made. 
For example, Pruitt & Kamau (1992) used a family of logistic models to fit complex 
and biphasic survival curves for cultures of L.monocytogenes and S.aureus which 
were treated with the lactoperoxidase system and subsequently heated. These models 
were used to quantify the maximum killing rates (Rm ax) fo r  each cell population, and 
as a measure of the lag phase, the time (t1/2) required for a 50% reduction in cell 
number. Pruitt & Kamau (1992) also derived quantitative relationships between 
Rmax? b /2  and the traditional D-value.
Whiting (1992) evaluated and modelled the long-term survival (up to nine months) of 
pathogenic microorganisms, such as L.monocytogenes, S.aureus and Salmonella, in 
simulated fermented and dried, uncooked sausages, e.g salami and pepperoni. 
Enumerations of surviving cells in unfavourable conditions exhibited several forms 
of declining curves, including, classic first-order, shoulder-lag phases, and biphasic 
declines with shoulder. Logistic, Gompertz, kinetic and log-linear models were 
appraised for their applicability in describing the data. Whiting (1992) found that a
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variation of the logistic model gave the best fit.
Cole et al. (1992) developed a Vitalistic model for thermal inactivation. Unlike the 
traditional log-linear approach, the model describes a distribution of sensitivities to 
heat in a population of microorganisms. The reduction in the log number of 
survivors with log time was fitted to a logistic function. A symmetric four parameter 
equation was used (eqn. 15):
y = a  + B / l + eT'Sx (15)
where y is the viable count (log10 cfu/ml) and x is the time (log10 hours). The 
equation represents a curve with symmetry about the point x=r/5 where the slope has 
a maximum 115/4 and two horizontal asymptotes given by y=o: and y=a+Jl. The 
equation was rewritten to include the parameters of the death curve (eqn. 16) (Davies, 
pers. comm)
y = ce + {(w + a) I 1 + e45™ 0"00} (16)
where y and x are as previously defined, a is the upper asymptote, co is the lower 
asymptote, 5 is the maximum slope and T is the time point at which maximum slope 
is reached. These death curve parameters are illustrated in Figure 2.9.
This model gave an extremely good fit to the observed effects of salt concentration 
(0-9%), pH value (4.24-7.00) and temperature (56-62°C) on the thermal inactivation 
of L.monocytogenes and can therefore be used predictively. Survival curves fitted to 
appropriate logistic models using commercially available statistical packages thereby 
provides a powerful and convenient method for analysis of the lethal effects of 
combined treatments on bacteria.
44
Fig. 2.9: The logistic death curve
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(Courtesy of Ken Davies, Unilever Research Laboratory)
2.5 Practical Application
All growth and survival models currently used are empirical in nature. They should 
therefore only be used within the range of parameters used to generate the 
experimental data for the model. Validated models, unlike the traditional storage 
trial, can be used repeatedly to predict the response of organisms under a variety of 
conditions including combinations of factors that were not actually tested in the 
experiment, providing interpolation rather than extrapolation is used (Baird-Parker & 
Kilsby 1987). Furthermore, kinetic models can be used to predict growth even when 
one of the factors controlling growth is changing, for example temperature. These 
models may therefore be used for a number of purposes, such as in the prediction of 
the potential growth of miroorganisms within complex chilled distribution chains, 
assisting in the design of food manufacturing processes and in defining 
microbiologically safe operating practices by, e.g defining conditions for a critical 
control point in HACCP studies (Cole 1991).
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Predictive modelling of growth has already been used by some companies in Canada, 
the USA, Europe and New Zealand in their food operations for the prediction of 
product safety and remaining shelf-life (Farber 1986; McMeekin et al. 1992).
A number of electronic devices which record temperature and are programmed with 
the appropriate bacterial response are available. Time-temperature function 
integrators integrate the temperature history and convert it to an equivalent time at 
some reference temperature at which the product’s normal shelf-life is known and 
gives a continuous display of elapsed storage life at this reference temperature. These 
devices are electronic clocks which run at real time at the reference temperature. If 
the temperature fluctuates, then they speed up or slow down depending on whether 
the temperature deviates above or below the reference temperature. The relationship 
between rate and temperature used is the same as that between microbial growth rate 
and temperature. Almost all commercial loggers and intergrators incorporate the 
square root relationships in their programming (McMeekin et al. 1992).
Temperature loggers, such as the Remonsys Smartlog (marketed in the UK) and the 
Delphi Temperature Logger (marketed in New Zealand), record temperature at user 
selected intervals. They then analyse that temperature history with specific computer 
software to predict the amount of microbial growth at any time, or over any time 
interval in that product’s history. Therefore pathogen growth, or elapsed shelf-life, 
or the effects of a particular part of that history on product quality can be estimated 
(Ross 1992). There is also potential for the development of combined sensors to 
record temperature and other significant variables such as aw/or pH (McMeekin et al. 
1992).
Predictive models may also be incorporated into a user friendly system (’model base’) 
in order to make rapid predictions from the model. Commercial spreadsheet software 
such as Lotus 123 (Lotus Development Corporation) may be used as a form of ’model 
base’(Cole 1991). Predictive modelling databases have been recently produced by the 
Microbial Food Safety Research Unit of the US Department of Agriculture’s 
Agricultural Research Service. They have developed and distributed applications
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software such as the "MFS Pathogen Modelling Program" that automates the response 
surface models for Salmonella spp., L.monocytogenes, S. aureus, Shigella flexneri, 
A. hydrophila and Escherichia coli 0157:H7 (Buchanan 1992). A number of different 
parameters can be rapidly predicted using this type of system, including the kinetic 
parameters of growth, the time to reach a given concentration of cells, or the 
concentration of cells after a given period of time.
2.6 Future of Predictive Modelling
With rapid technological advances taking place in the development, processing and 
packaging of foods, there is an increasing need to be able to anticipate the growth 
response of food poisoning and food spoilage organisms. The frequency of change 
for technological and marketing reasons means that the traditional retrospective 
approach of food microbiologists, where foods are examined before and after storage, 
cannot keep pace with changes in product formulation and in packaging and storage 
conditions. The development of predictive mathematical models would allow 
processors and manufacturers to predict the shelf-life and safety of their products at 
the design stage and allow food scientists to make more effective use of combinations 
of preservatives and inhibitory conditions (Bratchell et al. 1989).
Future research must take into account the short shelf-life of chilled foods and the fact 
that results are needed quickly. The UK Ministry of Agriculture, Fisheries and Food 
is currently co-ordinating a research programme to develop mathematical models to 
predict the growth and survival of miroorganisms of significance to food safety (Jones 
1992). The computerised predictive microbiology database, known as the Food 
Micromodel, will be launched later in 1992 and should provide food manufacturers 
with an additional, cost-effective means of assessing the microbiological safety of 
their products. The models will enable predictions of growth or death of the major 
food-poisoning organisms in a food product provided that certain criteria, such as a^ 
pH and storage temperature, are known. This should be paticularly useful in 
determining the safety of "new products" or formula modifications without the 
requirement for time-consuming and costly challenge testing.
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The use of expert systems as ’intelligent’ interfaces to microbial modelling databases 
will become increasingly important in the future in a number of areas of food 
microbiology, particularly in HACCP, where systems could be integrated with 
predictive ’modelbases’ to rapidly identify stages in processing or distribution where 
lack of control could lead to a safety hazard, thereby allowing preventative control 
measures to be implemented (Cole 1991). Predictive microbiology will therefore be 
beneficial in that the microbiological consequences of known abuse during the life of 
a food can be quantified and an expert judgement made.
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Chapter 3 General Materials and Methods
Bacterial Strains and Maintenance
Pathogenic Yersinia enterocolitica strains 2233 (serotype 0:3) and 2234 (serotype 0:9) 
were provided by the School of Biological Sciences Culture Collection. 
Environmental Y. enterocolitica serotype 0:13 was provided by Express Foods Group 
(Grand Metropolitan Foods Europe, UK).
Strains were positively confirmed as being Y.enterocolitica (>99.7%) using the API 
20 E identification kit (API 20 E System, France) with Gram staining, catalase and 
oxidase tests. Inoculated API 20 E strips were incubated at 25°C and not at the 
recommended temperature of 37°C. More biochemical characteristics are expressed 
by Y. enterocolitica cultures at 25 - 29°C than at 35 - 37°C (Bercovier & Mollaret 
1984).
Stock cultures were maintained on Nutrient Agar (NA) slopes incubated at 25°C for 
2 days and stored at 0°C.
Inocula Preparation
Inocula of test organisms were grown individually in 10 ml volumes of Tryptone Soya 
Broth (TSB) at 25°C for 18 - 20 hours or at 4°C for 6 days to late exponential phase. 
Viable bacteria were enumerated on NA spread plates using decimal serial dilutions 
in quarter-strength Ringer’s solution (RS). Prolonged contact with RS had no effect 
on the recovery of Y. enterocolitica strains and was determined to be the diluent of 
choice (Kendall 1982). Plates were incubated at 25°C for 24 hours.
Media and Chemicals
Dehydrated media and medium components were supplied by Oxoid unless otherwise 
stated. Chemicals of analytic grade were supplied by BDH unless otherwise stated.
49
Filter-sterilised (0.2/xm) acid stock solutions were prepared containing glacial acetic 
acid (1 mol/1), citric acid (1 mol/1), lactic acid (1 mol/1) refluxed (5 hours) to 
hydrolyse anhydrides, and sulphuric acid (0.1 mol/1).
Cultural Methods of Enumeration
1) The Spread Plate Method
Agar plates were inoculated by spreading 0.1 ml of a sample dilution with a sterile 
spreader. Replicate plates for each dilution were incubated at 25°C for 24 hours and 
the number of colonies counted provides an estimate of the number of colony forming 
units (cfu) viable in these conditions.
2) The Spiral Plater Method
Agar plates were inoculated by spiral plating a fixed volume (0.05 ml) of a sample 
dilution at a decreasing rate from the centre to the edge of the agar plate (Spiral 
System Model D, Spiral System Inc., UK). Replicate plates for each dilution were 
incubated at 25°C for 24 - 48 hours.
Enumeration was performed by placing the plate over a pie-shaped counting grid. 
Colonies were counted in the sectors of the pie, starting with the outermost one and 
continuing until at least 20 colonies had been counted. The sector containing the 
twentieth colony was fully counted. Then the same sectors in the opposite side was 
also counted to average out nonuniformities in the plating and counting procedure, 
i.e. the second count represented a replicate. The total count was divided by the 
known volume of liquid deposited in the counted sectors, to provide cfu/ml of the 
plated sample.
Enumeration of Growth bv Turbidity Measurement
Cell density was determined by measurement of the absorbance of the culture at 
600nm using a spectrophotometer (SP6-450 Pye Unicam). Measurements were made 
on samples (1.5 ml) withdrawn from the culture after vortex mixing (Fisons Scientific
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Equipment UK). Samples were discarded after the absorbance reading.
pH Measurement
pH measurements were made with a Griffin model 80 pH meter (Griffin & George 
Ltd., UK) calibrated with pH 7 and pH 4 buffers at 20°C.
Dry Weight Measurement
Sterile membrane filters (Gelman 0.45/xm) were dried in a microwave oven (Power 
level 9, 5 minutes), allowed to cool under dessication overnight at room temperature 
and weighed. The filters were then washed in 0.01% Tween 80 and placed in the 
filter unit. Sterile distilled water (2 x 10 ml) was used to rinse the filter and then 50 
ml of sample culture passed through the filter. The filter was then redried, cooled 
and reweighed.
Calibration of Standard Curves
1) Calibration Curve of Colony Forming Units (cfu) against Optical Density 
Doubling dilutions of an overnight culture of 7. enterocolitica were performed in 5 ml 
TSB. The absorbance (600nm) of each dilution was measured and the number of 
viable bacteria enumerated by dilution in RS and spread plating out onto NA. Values 
of cfu/ml were plotted against respective absorbance values to obtain a calibration 
curve (Appendix I).
2) Calibration Curve of Cell Dry Weight against Optical Density
Doubling dilutions of an overnight culture of Y. enterocolitica were performed in 50 
ml TSB. The absorbance (600nm) of each dilution was measured and the cell dry 
weights determined as described in the method for dry weight measurement. Values 
of dry weight (mg/ml) were plotted against respective absorbance values to obtain a 
calibration curve (Appendix I).
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Culture Media Preparation for the Determination of Growth and Survival of
Yersinia enterocolitica to the Effects of pH and Acidulant
Media to study the effects of initial pH and acid on growth and survival were made 
by the addition of appropriate volumes of sterile stock solutions of acetic, lactic, citric 
or sulphuric acid to double strength TSB (5 ml) in capped test-tubes (Appendix II). 
To determine the effect on growth the medium was acidified to pH values between
7.0 and 3.0, at 0.5 pH unit intervals and, in a subsequent experiment, over a range 
of 1 pH unit, starting from the maximum growth inhibitory pH, at 0.1 pH unit 
intervals.
In the microbial survival experiments, the medium was acidified in 0.2 pH unit 
intervals from the maximum growth inhibitory pH value for each acid down to pH
3.0 to determine the effect on survival.
The final volume was adjusted to 10 ml with sterile distilled water.
Determination of the Effects of pH. Acidulant and Temperature on the Growth 
and Survival of Yersinia enterocolitica
1) Determination of the Maximum Growth Inhibitory pH of Yersinia enterocolitica 
with Different Acids at 25°C and 4°C
Prepared media were inoculated (50 t^l) to give approximately 2X106 viable 
bacteria/ml. Uninoculated control tubes were included in all experiments. All tubes 
were incubated in duplicate at 25°C for up to 7 days or at 4°C for up to 21 days. 
During incubation, growth was measured periodically by measurement of the 
absorbance of the culture at 600nm.
2) Determination of Survival of Yersinia enterocolitica at and below the Maximum 
Growth Inhibitory pH Value with Different Acids at 25°C and 4°C
Prepared media were inoculated (50^1) to give approximately 2X106 viable 
bacteria/ml. Tubes were incubated in duplicate at 25°C and at 4°C for up to 21 days.
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During incubation, survival was determined periodically by enumeration of viable 
bacteria by dilution in RS and spiral plating out onto NA. Plates were incubated at 
25°C for 24 - 48 hours.
3) Determination of Growth of Yersinia enterocolitica serotype 0:3 over a Range
of Temperature and at Different pH Values 
For each acid, media were acidified in 0.5 pH unit intervals to the lowest pH that 
allowed growth. Prepared media were inoculated (50/d) to give approximately 
viable bacteria/ml and placed in a temperature gradient incubator consisting of an 
insulated aluminium block chilled at one end and cooled at the other by two chiller- 
thermocirculator units (Grant, UK). Duplicate tubes were incubated in the 
temperature range 0 - 25°C for up to 14 days. Growth was measured periodically by 
determining absorbance at 600nm.
4) Determination of Survival of Yersinia enterocolitica serotype 0:3 over a Range
of Temperature and at Different Growth Inhibitory pH Values 
The medium was acidified to growth inhibitory pH levels between pH 4.5 and 3.0. 
Prepared media were inoculated (50/d) to give approximately 2x10s viable bacteria/ml 
and placed in a temperature gradient incubator. Duplicate tubes were incubated in 
the temperature range 0 - 23°C for up to 49 days. During incubation, survival was 
determined periodically by enumeration of viable bacteria in RS and spiral plating out 
onto NA plates. Plates were incubated at 25°C for 24 - 48 hours.
Determination of Survival of Yersinia enterocolitica serotype 0:3 in Yoghurt at 
20°C and 4°C
Natural yoghurts purchased from a local supermarket were aseptically transferred, in 
a laminar flow cabinet, from their cartons to sterile duran bottles (150 ml). The pH 
was determined on small samples aseptically removed from the samples. The yoghurt 
was inoculated (0.5 ml) with an overnight culture of Y. enterocolitica to give 
approximately 2xl06 viable bacteria /ml. Inoculated yoghurt samples were incubated 
in duplicate at 20°C and at 4°C until no viable Y. enterocolitica could be detected (<
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20). The pH of the yoghurt was again measured after the last sample was taken.
During incubation, survival of Y. enterocolitica was determined periodically by 
enumeration of viable bacteria by dilution in RS and spiral plating out onto plate 
count agar (PCA) and Yersinia selective medium (CIN medium). Plates were 
incubated at 25°C for 24 - 48 hours. CIN medium is selective for the isolation of 
Y. enterocolitica while PC A gives a count of the microorganisms present and capable 
of growth in yoghurt under the particular incubation conditions employed. 
Presumptive Y.enterocolitica colonies were confirmed by Gram staining, catalase and 
oxidase tests.
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Chapter 4 The Effect of pH. Acidulant and Sub-Optimal 
Temperature on the Growth of Yersinia enterocolitica
4.1 Introduction
Chilled foods frequently depend on reduced pH in addition to low temperature as a 
determining factor of shelf-life. The interaction of temperature and pH on the growth 
of Yersinia enterocolitica has been investigated. In culture media acidified with 
hydrochloric acid (HC1), Kendall & Gilbert (1980) found that Y. enterocolitica grew 
at pH 4.4 but not at pH 4.2 during incubation at 22°C for 2 days. Subsequently other 
studies have reported similar results but using different temperatures in the range 20- 
25°C and different incubation periods (Stem et al. 1980a; Brackett 1986; 1987; 
Brocklehurst & Lund 1990). With organic acidulants the minimum growth pH is 
always higher and decreases in the order acetic acid, lactic acid, citric acid (Brackett 
1987; Brocklehurst & Lund 1990). With HC1 as acidulant, no growth was reported 
in a culture medium over 10 days at 3°C at pH 4.6 (Stem et al. 1980a) while Brackett 
(1986) reported no growth in the same medium at pH 5.0 at 5°C for 21 days.
Although considerable information is available about maximum inhibitory pH values 
and the minimum concentration of acids required to prevent growth, there are no 
published reports on the effects of pH and acidulant on the growth rate of 
Y. enterocolitica. The results of such a study are presented here along with two 
different predictive (square root and response surface) models which describe them. 
The performance of the two different models is then compared to determine which 
gives the better prediction, i.e. the closest prediction to actual data.
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4.2 Results and Discussion
4.2.1 Maximum Growth Inhibitory pH Values for Yersinia enterocolitica
The maximum growth inhibitory pH (MIpH) values for two pathogenic serotypes (0:3 
and 0:9) and one environmental serotype (0:13) of Y. enterocolitica with four different 
acidulants are shown in Table 4.1. The antibacterial activity of the acids tested was 
shown to be different. At both 25°C and 4°C the MIpH values were in the order 
acetic > lactic > citric > sulphuric. At 4°C, growth was inhibited at pH values 
between 0.3 and 0.5 units higher than at 25°C. Using the r-test, no significant 
difference between the behaviour of the environmental and pathogenic serotypes was 
discerned (p » 0.1). Serotype 0:3 was therefore used in all subsequent growth 
studies.
Table 4.1: Maximum inhibitory pH levels for growth of Yersinia enterocolitica
Acid Y. enterocolitica MIpH/25°C MIpH/4°C
serotype 7 d 7 d 14 d 21 d
Acetic 0:3 5.1 5.7 5.5 5.3
0:9 5.1 5.7 5.5 5.4
0:13 5.2 5.7 5.5 ND
Lactic 0:3 4.7 5.1 5.1 5.0
0:9 4.6 5.2 5.1 5.1
0:13 4.7 5.1 4.9 ND
Citric 0:3 4.5 5.2 5.0 4.8
0:9 4.5 5.1 5.0 4.8
0:13 4.6 5.2 4.9 ND
Sulphuric 0:3 4.1 4.9 4.6 4.6
0:9 4.1 4.9 4.6 4.6
0:13 4.2 4.8 4.5 ND
MIpH, Maximum growth inhibitory pH; d, days; ND, not done.
Inhibition of the growth of microorganisms by reduced pH is a result of a reduction 
of the cytoplasmic pH. When the medium was acidified with organic acids, e.g
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acetic, lactic or citric acids, greater inhibition was observed than when a mineral 
acid, e.g. sulphuric acid was used. These results support those found in similar 
studies by Brackett (1986; 1987) and Brocklehurst & Lund (1990) and are in line with 
the accepted theory of the mode of action of acids on microbial growth.
An increase in hydrogen ion concentration has a toxic effect on microorganisms. 
Strong mineral acids such as sulphuric acid exert their effect proportionate to the 
hydrogen ion concentration while the antibacterial action of organic acids is related 
to pH and the degree of dissociation (Baird-Parker 1980). The undissociated form 
is more readily soluble in the cell membrane and is therefore more bactericidal than 
its dissociated form. The undissociated form acts by interfering with the permeability 
of the cell membrane. This causes leakage of hydrogen ions across the cell 
membrane, acidifying the cell interior and inhibiting nutrient transport and oxidative 
phosphorylation from the electron transport chain (Booth & Kroll 1989). The 
undissociated acid may have specific effects on metabolism which amplify its 
antimicrobial effect (Booth & Kroll 1989). Some organic acids will dissociate to give 
anions, e.g lactate and citrate, which the cell can transport and whose presence does 
not inhibit energy yielding metabolism. However other acids, e.g. acetic, are more 
effective food preservatives since they produce inhibitory concentrations of their 
anions within the cell. This amplifies the effect of the weak acid on the cell 
metabolism causing greater inhibition of growth as was observed with the growth of 
Y.enterocolitica in acidified tryptone soya broth (TSB).
4.2.2 Modelling the Effect of pH. Acidulant and Sub-Optimal Temperature on 
the Growth of Yersinia enterocolitica using the Square Root Function
A total of 324 different growth curves were obtained describing growth at different 
pH and temperature values using the four acidulants, typical examples are shown in 
Figure 4.1. Rate of growth was calculated in TSB at each pH and temperature as the 
reciprocal of the time to reach an absorbance of 0.3 (Ratkowsky et al. 1982; 
McMeekin et al. 1987).
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Fig. 4.1: Growth of Yersinia enterocolitica serotype 0:3 in tryptone soya broth 
acidified with sulphuric acid (pH 6.5) from 1-24°C
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Changes in rate of growth with temperature at different pH values using each of the 
four'acidulants are presented in Figure 4.2 as a square root plot. These plots show 
that the rate of growth increases with both increasing temperature and increasing pH. 
At every combination of pH and acidulant, the correlation coefficient (r) of the best- 
fit straight line (Table 4.2) indicates that the behaviour is well described by the square 
root model, most r values being 0.99. Each of the best-fit straight lines was 
extrapolated to the temperature axis to obtain the TMIN value which ranged from 
267.7°K to 270.5°K (Table 4.2). Variation in TMIN calculated from the curves, was
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Fig. 4.2: Effect of temperature and pH on the rate of growth of Yersinia
enterocolitica serotype 0:3
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Table 4.2: TMIN values (°K) for Yersinia enterocolitica serotype 0:3 estimated from 
the square root model
Acid pH T minC K ) r
Acetic 6.5 268.8 0.9974
6.0 269.0 0.9951
5.5 270.5 0.9913
Lactic 6.5 268.0 0.9941
6.0 268.0 0.9888
5.5 268.4 0.9912
5.0 267.7 0.9416
Citric 6.5 268.6 0.9965
6.0 268.8 0.9921
5.5 269.0 0.9985
5.0 269.0 0.9933
Sulphuric 6.5 269.8 0.9952
6.0 269.3 0.9965
5.5 269.4 0.9989
5.0 269.4 0.9954
4.5 270.0 0.9894
not significant (using the f-test) for individual acids between different pH values or 
between the different acids (p » 0.1), the mean value for all the results was 
269.0±0.4°K (95% confidence limits). This then gave the expression:
V i  = b(T-269.0) (1)
Since only b in equation (1) will vary with pH, a pH form can be incorporated into 
the equation if the relationship between b and pH were known. If we assume that r 
OL pH, as observed in the square root plots of growth rate, and since r a b 2 (eqn. 1) 
then these two relationships indicate that b2 a pH. Plots of b2 against pH for each of 
the acids gave a series of straight lines confirming this relationship (Fig. 4.3). From 
these, p H ^  values, representing the pH at which no growth occurs (b=0), could be 
read giving the relationship b2 = cpH - c p H ^ , which is the equation of the straight 
line. This equation was square rooted to obtain the term for b:
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Fig. 4.3: Relationship between regression coefficient b and pH
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b =  o /  (pH-pHNnN) (2)
Substituting for b in equation (1) gives:
V r =  cv/(pH-pHMIN)(T-269.0) (3)
Extrapolated values for pHMIN are shown in Table 4.3 along with the experimentally 
derived values. There is good agreement between these except in the case of acetic 
acid where the observed value is 0.3 pH units higher than the extrapolated one.
Table 4.3: Maximum growth inhibitory pH levels for Yersinia enterocolitica 
serotype 0:3 at 25°C
Acid Maximum growth inhibitory pH
Observed Predicted
Acetic 5.1 4.8
Lactic 4.7 4.7
Citric 4.5 4.5
Sulphuric 4.1 4.0
Variation in the constant c, calculated from equation (2), was not significant, using 
the r-test, for individual acids between different pH values or between different acids 
(p » 0.1, c=0.0392±0.0007; 95% confidence limits). Thus the full model can be 
represented by:
Vr = 0.0392v/ (pH-pHMIN)(T-269.0) (4)
With equation (4), growth rates, r, were calculated for each combination of pH, 
temperature and acid for which experimental values were available. The correlation 
between these and the experimental results is shown in Figure 4.4 and were found to 
be in good agreement.
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Fig. 4.4: Correlation between observed values of the rate of growth r  of Yersinia 
enterocolitica serotype 0:3 with values predicted by the modified square 
root model (45° line indicated)
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The parameter pHMIN was found to be dependent upon the acidulant used but TMIN was 
found to remain invariant, indicating that pH and temperature were acting 
independently, i.e. additively. There was therefore no synergistic interaction between 
these two factors on the growth of Y.enterocolitica.
The results indicate that the rate of growth of Y.enterocolitica under varying 
conditions of sub-optimal temperature and pH can be modelled by equation (4). The 
model is unaffected by different acidulants other than requiring use of acid-specific 
pH ,^ . The pHMIN values determined graphically were identical to those determined 
by experiment with the exception of acetic acid (Table 4.3). No assumption is made 
in the model about the mode of action of the various acidulants. Sulphuric and citric 
acids act primarily outside the cell while lactate and acetate, in their undissociated 
form, can penetrate and acidify the cell’s interior (Booth & Kroll 1989; Eldund 
1989). The observed discrepancy between experimental and extrapolated pHMIN 
values could reflect greater inherent toxicity of the acetate anion within the cell.
Since the toxicity of weak organic acids is a function of the concentration of 
undissociated acid as well as pH, equation (4) will not apply in foods with a different 
buffering capacity. TMIN remains unaffected as indicated by its determination in 
cottage pie (Gibbs & Williams 1990), but p H ^  will change to reflect the different 
concentration of undissociated acid present.
The model described here has the same general form as that proposed for the 
interaction of water activity ( a j  and temperature on the growth of halophilic bacteria 
(McMeekin et al. 1987; Chandler & McMeekin 1989a). It is also similar in that 
awMiN was unaffected by the use of different humectants and corresponded with 
experimentally determined minimum growth a*, values.
A feature of both the extended square root models is that their form indicates that 
temperature and aw, and temperature and pH act independently on microbial growth 
rate. In these models, TMIN is constant across the range of water activities or pH 
levels permitting growth. In view of these separate findings, McMeekin et al. (1992)
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have speculated on the possibility of a model of the square root type which describes 
the rate response to a combination of temperature, aw and lowered pH values and 
which might have the form:
V^ r = o /  (aw - a^iNXpH - pHMIN)(T - T*^)
where r, c, aw> 2^ ^ ,  pH, pHMIN, T and T ^  are as previously defined. If so the 
effect of the three major factors controlling microbial development on foods may be 
described simply by accurate determination of T ^ ,  awMIN and p H ^ .  This extended 
square root model may therefore be constructed sequentially, i.e. data is generated 
to derive a value for the parameter TMIN, then to derive a value for the second 
parameter, and so on. This methodology was employed for the combined 
temperature/pH square root model and for the combined temperature/aw model using 
simple linear regression. The absence of significant interactions between the 
controlling factors considerably simplifies the development of models and also aids 
in the ease of application. The extended square root models however, are nonlinear 
models and the rigorous method for developing models of this type is to fit all data 
simultaneously using nonlinear regression techniques. Nonetheless, given sufficient 
reliable data the two approaches would be expected to generate models with very 
similar parameter estimates.
4.2.3 Modelling the Effect of pH. Acidulant and Sub-Optimal Temperature on 
the Growth of Yersinia enterocolitica using the Response Surface Function
To construct the response surface model, loge of the time for the culture to reach an 
absorbance of 0.3 in TSB was calculated for each pH and temperature. An 
absorbance of 0.3 was found to be equivalent to a 2 log10 cycle increase from 
106cfu/ml to 108 cfu/ml from calibration curves of absorbance against cfu/ml in TSB 
(Appendix I). Results for the loge time for a 2 log10 cycle increase in growth 
(including lag phase) at each combination of temperature and pH were analysed for 
a least squares fit to a quadratic model using the SAS statistical package (SAS 
Software Ltd). The resulting analyses of variance applied are shown in Table 4.4.
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A total of 324 curves were obtained describing growth at different pH and 
temperature values using the four acidulants. From these, the following polynomial 
equations linking temperature (T) (°K) and pH (pH) to the loge time (hours) for a 2 
log 1 0 cycle increase in growth (LTG) of Y.enterocolitica over the temperature range 
273 - 298°K (0 - 25°C) were obtained. Each equation is specific for the acidulant 
used. The statistical analysis methods are given in Table 4.4.
Acetic acid (62 growth curves)
LTG = 423.8 - 2.54(T) - 10.97(pH) +  4.08xl03(T)2 +  0.52(pH)2 (5)
+  1.29xlO'2(pH)(T)*
Lactic acid (70 growth curves)
LTG = 172.14 - 0.95CD - 4.43(pH)* + 1.6xlO'3(T)2 +  0.6(pH)2 (6)
- 1.31xlO'2(pH)(T)*
Citric acid (84 growth curves)
LTG = 270.58 - 1.67(T) - 2.62(pH) + 2.7xl03(T)2 + 0.15(pH)2 (7)
- 1.4xlO^(pH)(T)*
Sulphuric acid (108 growth curves)
LTG = 379.94 -2.40(T) - 4.38(pH) + 4x l03(T)2 + 0.45(pH)2 (8)
- 4.9xlO'3(pH)(T)*
* terms insignificant at 5% level.
Response surface plots were produced from equations 5-8 showing the combined 
effect of temperature and pH on the LTG of Y.enterocolitica (Figs. 4.5a-d). These 
plots show that the rate of growth increases with both increasing temperature and 
increasing pH. The interactions between pH and temperature on rate of growth were 
found to be additive. The F-ratio for the cross-product terms (pH x temperature) 
with all four acidulants is low (Table 4.4) indicating that interaction is insignificant 
at the 5% confidence level and that there is no synergistic interaction. Predicted
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values for LTG derived from the polynomial equations 5-8 were compared with
experimental values and were found to be in excellent agreement (Figs 4.6a-d).
Table 4.4: Statistical analysis of predictive equations for loge time (hours) for a 
2 log10 cycle increase of Yersinia enterocolitica at each combination of 
temperature and pH with various acidulants
Acid Regression DF TYPE I SS R-Square F-Ratio Probability
Acetic Linear 2 19.90 0.9460 724.23 0.0001
(eqn. 5) Quadratic 2 0.82 0.0391 29.93 0.0001
Crossproduct 1 0.02 0.0012 1.82 0.1914
Total 5 20.75 0.9863 302.03 0.0001
regression
Residual total DF SS Mean square
error 21 0.28 0.0138
Lactic Linear 2 19.18 0.9217 514.56 0.0001
(eqn. 6) Quadratic 2 1.06 0.0514 28.67 0.0001
Crossproduct 1 0.03 0.0019 2.10 0.1584
Total 5 20.29 0.9749 217.71 0.0001
regression
Residual total DF SS Mean square
error 28 0.52 0.0187
Citric Linear 2 29.87 0.9785 2488.08 0.0001
(eqn. 7) Quadratic 2 0.45 0.0150 38.24 0.0001
Crossproduct 1 0.00 0.0000 0.00 0.9692
Total 5 30.33 0.9935 1010.53 0.0001
regression
Residual total DF SS Mean square
error 33 0.19 0.0060
Sulphuric Linear 2 40.83 0.9214 2550.63 0.0001
(eqn. 8) Quadratic 2 3.13 0.0706 195.58 0.0001
Crossproduct 1 0.01 0.0004 2.28 0.1382
Total 5 43.98 0.9924 1098.94 0.0001
regression
Residual total DF SS Mean square
error 42 0.33 0.0080
DF, degrees of freedom; TYPE ISS, contribution of each independent variable to the 
regression sum of squares; R-Square, coefficient of determination; F-Ratio, ratio of 
type I mean of squares over the residual mean square; Probability, probability of 
obtaining an F-Ratio this large or larger at corresponding degrees of freedom; Mean 
square, Mean sqanre error, sum of squares divided by the degrees of freedom.
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Fig. 4.5: Response surface plot describing the combined effect of temperature
and pH on the time for a 2 log10 cycle growth increase of Yersinia
enterocolitica serotype 0:3
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The simple mathematical models (eqns. 5-8) may be used to predict the time to 
produce a two log increase in cell numbers by interpolation within the limits set by 
the experimental data used in their construction. These are: a temperature range of 
0 - 25°C and pH ranges of 5.5 - 6.5 (acetic), 5.0 - 6.5 (citric and lactic) and 4.5 - 6.5 
(sulphuric).
The models also effectively describe the effects and interactions of the pH and 
temperature on the growth of Y.enterocolitica. For each acid, the interaction between 
pH and temperature is insignificant (5% confidence level) indicating that pH and 
temperature are acting in an additive manner on the growth of Y.enterocolitica and 
that there is no synergistic interaction between them. An interesting feature of this 
work is that two independent modelling approaches both conclude that there is no 
synergistic interaction between sub-optimal temperature and pH on the growth of this 
organism.
4.2.4 Comparison of the Response Surface and Square Root Models for 
Predicting the Growth of Yersinia enterocolitica
Predictions from the square root model and the response surface model were 
compared with observed values for each acid and pH in TSB to look at the ’goodness- 
of-fit’ using the mean square error (MSE) proposed by Adair et al. (1989). The MSE 
quantifies differences between predicted and observed values and is calculated by the 
following equation:
MSE = V  t (°b s  ~ Pred)  2 3 
"  n
where obs is the observed value for a 2 log10 cycle growth increase in hours, pred is 
the predicted value for a 2 log10 cycle growth increase in hours and n is the number 
of observations in the dataset.
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Predictions from both models were also compared with observed values of growth of 
Y.enterocolitica in various foods (Table 4.5) using the equation for lactic acid. The 
serotypes of Y.enterocolitica, with the exception of serotype 0:22, are pathogenic.
Table 4.5: Food products and Yersinia enterocolitica serotypes used in the 
validation of predictive growth models
Yersinia
enterocolitica
serotype
Food Product Temperature
(°C)
pH Reference
0:8 UHT whole 
milk
-0.5 - 9.0 6.6 Walker &
Stringer
1988
0:9 Cottage pie 2.0 - 15.0 6.2 Gibbs & 
Williams 
1990
0:3 (1:1:1 
cocktail)
Minced pork 
meat
18.0 5.4 - 6.7 Borch et al. 
1992
0:3 Sliced ham 5.0 - 20.0 5.6 Asakawa et 
al. 1979
0:22 Raw beef 1.0 - 25.0 6.2 Hanna et al. 
1977b
0:3 Boiled fish 4.0 - 22.0 6.5 Kendall 1982
0:3 Sterilised
Chocolate
milk
4.0 - 22.0 6.6 Kendall 1982
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The MSE for the response surface model was always smaller than that for the square 
root model in TSB except in three cases; lactic acid/pH5.5, citric acid/pH 5.5 and 
sulphuric acid/pH6.0 (Table 4.6).
Table 4.6: Comparison of the response surface model and the square root model 
for predicting the time (hours) for a 2 log10 cycle growth increase of 
Yersinia enterocolitica in tryptone soya broth over the temperature 
range 0-25°C
Acid pH Number of 
observations
Mean square error
Response surface 
model
Square root 
model
Acetic 6.5 10 3.56 166.03
6.0 9 77.33 159.82
5.5 8 120.55 1962.82
Lactic 6.5 11 25.36 668.35
6.0 11 49.77 3098.34
5.5 7 134.48 18.64
5.0 5 374.98 1441.89
Citric 6.5 11 6.03 113.44
6.0 11 20.07 192.95
5.5 7 68.26 51.33
5.0 5 82.93 162.59
Sulphuric 6.5 11 35.84 174.99
6.0 11 426.83 52.39
5.5 10 27.58 208.07
5.0 9 47.14 76.52
4.5 7 320.72 368.82
When compared with published data for growth of different Y.enterocolitica 
serotypes, measured by viable counts, in food products, the MSE for the response 
surface model was again smaller than that for the square root model (Table 4.7).
Comparison of times predicted by the response surface and square root models with 
observed values for a 2 log10 cycle growth increase of Y.enterocolitica in various 
foods are also shown in Figures 4.7(a-g).
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Table 4.7: Comparison of the response surface model and the square root model 
for predicting the time (hours) for a 2 log10 cycle growth increase of 
Yersinia enterocolitica in food products
sfcroo
Yersinia
enterocolitica
serotype
Food Product Mean square error Reference
Square root 
model
Response 
surface model
0:8 UHT whole 
milk
32087.49 1010.46 Walker &
Stringer
1988
0:9 Cottage pie 1063.29 457.01 Gibbs & 
Williams 
1990
0:3 (1:1:1 
cocktai^
Minced pork 
meat
1224.26 681.67 Borch et al. 
1992
0:3 Sliced ham 410.61 137.52 Asakawa et 
al. 1979
0:22 Raw beef 8975.00 643.97 Hanna et al. 
1977b
0:3 Boiled fish 1390.30 448.32 Kendall
1982
0:3 Sterilised
Chocolate
milk
913.43 461.95 Kendall
1982
Differences in the fit of the two models was particularly noticeable at low 
temperatures (below 4°C). The square root model predicted much longer times to 
growth than either the response surface model or the observed data. For example, 
at -0.5°C, the square root model predicts that growth of Y.enterocolitica would 
increase by two log cycles in 671.0 hours whereas actual growth only took 285.6 
hours in UHT whole milk and the response surface model predicts a time of 224.2 
hours (Fig. 4.7a). At 1°C, the square root model predicts a time of 416.7 hours for 
a 2 log10 cycle increase compared to actual growth which took 219.4 hours in raw 
beef and the response surface model prediction of 201.4 hours (Fig. 4.7b). In cottage 
pie, at 2°C, the observed time for a 100 fold increase in bacterial numbers was 219.4
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hours, the response surface model predicting a time of 172.9 hours while the square 
root model predicts a time of 289.2 hours (Fig. 4.7c). Use of the square root model 
under these circumstances would be ’fail dangerous’.
The minced pork results differ in that they are measured at a single temperature over 
a range of pH values (Fig. 4.7g). Both model predictions diverged at low pH and 
predicted a shorter time for a 2 log10 cycle growth increase than was observed. For 
example, at pH 5.4 the square root and response surface models predict a time of
46.1 hours and 64.6 hours respectively whereas actual growth took 116.0 hours.
Fig. 4.7: Comparison of the predicted times from the response surface and 
square root models with observed values for a 2 log10 cycle growth 
increase of Yersinia enterocolitica in food
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The results show that the response surface model gives predictions that are closer to 
the observed data than the square root model in both a model system (TSB) and food, 
and is therefore more reliable in predicting the growth rate of Y.enterocolitica under 
conditions of sub-optimal temperature and pH. It is therefore recommended that the 
response surface model is used in the prediction of food safety with respect to 
Y.enterocolitica under sub-optimal conditions.
The use of the MSE to compare different models has been recently challenged 
primarily because it is not a weighted comparison, i.e it does not take into account 
the number of parameters used to construct the model (Ratkowsky et al. 1991). 
However, the availability of modern computing facilities means that, from a practical 
point of view, the number of parameters is largely irrelevant in empirical modelling. 
The usefulness of the MSE depends on the type of comparison required, the MSE 
being a useful simple measure of how model predictions match the actual data used 
to construct the model.
The MSE does not give a measure of confidence or variance associated with the 
model. It is therefore important that the model is validated in other ways, 
particularly using the food type for which it is intended. In this work, MSE is used 
to compare a square root model to a response surface model in a model system. 
Predictions from each are also compared to published growth data for Y.enterocolitica 
in various food products (Hanna et al. 1977b; Asakawa et al. 1979; Kendall 1982; 
Walker & Stringer 1988; Gibbs & Williams 1990; Borch et al. 1992). The results 
demonstrate that the response surface model gives predictions that are closer to the 
raw data than the square root model.
There is no doubt that the square root model is simpler and gives a relatively good 
fit to the data over a wide range of sub-optimal temperatures (Figs. 4.7a-g). 
However, previous work has indicated that it may give estimates of growth that are 
’fail dangerous’ if used for predicting the microbiological safety of foods under 
conditions of extreme stress (Adair et al. 1989). This is supported by comparison 
with published data on the growth of Y.enterocolitica in UHT whole milk (Fig. 4.7a),
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raw beef (Fig. 4.7b) and cottage pie (Fig. 4.7c) where, at temperatures below 4°C, 
the square root model predicts much longer times to growth than either the response 
surface model or the observed data. Therefore use of the square root model under 
these circumstances would be ’fail dangerous’.
The toxicity of weak organic acids is a function of the concentration of undissociated 
acid as well as pH. The buffering capacity of foods can be different to that of culture 
broth media. Where it is greater, a larger amount of acid would be required to 
produce the same pH, leading to a greater concentration of undissociated acid in the 
product. The combined effect of low pH and a higher weak acid concentration in 
such foods would lead to greater growth inhibition. This is the probable explanation 
for the divergence of both model predictions from observed behaviour at low pH in 
minced pork meat acidified with lactic acid (Fig. 4.7g). Both models predicted a 
shorter time for a 2 log10 cycle increase in cell numbers than was observed. 
However, use of both the square root model and the response surface model under 
these circumstances would be ’fail safe’.
Ratkowsky et al. (1991) have recently introduced a form of the square root equation 
in which time rather than rate is the dependent variable and which has to be fitted 
using non-linear regression routes. This form of the equation was not compared with 
the response surface model, although its predictions for growth under stressed 
conditions would be expected to be closer to the raw data and response surface model 
than those of the original equation which has rate as the dependent variable.
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Chapter 5 The Effect of pH. Acidulant and Sub-Optimal
Temperature on the Survival of Yersinia enterocolitica
5.1 Introduction
Temperature influences the survival of bacteria. At low temperatures bacteria may 
survive even though growth is not possible. Storage of contaminated food at 5°C 
(non-growing conditions) has been shown to maintain viability of certain bacterial 
strains such as Campylobacter jejuni and Brucella (Palumbo 1986). Yersinia 
enterocolitica is able to grow under such conditions but not when low temperature is 
combined with reduced pH. It has however been reported that Y. enterocolitica 
survives in acidic foods, e.g. tartare sauce (Stem & Pierson 1979) and a$ficially 
contaminated mayonnaise (pH 3.8) held at 5°C for at least 48 hours (Brackett 1986). 
In tryptone soya broth acidified with hydrochloric acid (HC1) Brackett (1986) found 
that Y. enterocolitica remained viable, for 7 days at pH 4.0 when incubated at 25°C 
and for at least 21 days at the same pH when stored at 5°C. Clearly, although 
growth of Y. enterocolitica may be inhibited in acidic foods, it can survive for 
extended periods and could pose a health hazard particularly if stored at refrigeration 
temperatures.
In view of the increasing use of multifactorial techniques of food preservation, there 
is a need for models which allow prediction of microbial survival times in such 
circumstances. This study was undertaken to determine the effects of pH, acidulant 
and sub-optimal temperature on the death rate of Y. enterocolitica and to attempt to 
describe this response by constructing predictive models.
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5.2 Results and Discussion
5.2.1 Survival of Yersinia enterocolitica at and below the Maximum Growth
Inhibitory pH Level at 25°C and 4°C.
The survival of two pathogenic serotypes (0:3 and 0:9) and one environmental 
serotype (0:13) of Y. enterocolitica with four different acidulants at 25°C and 4°C are 
shown in Figures 5.1(a-d)-5.6(a-d). Death rate was found to be higher at the higher 
incubation temperature (25°C) and to increase with decreasing pH. The survival 
curves do not follow the simple log-linear relationship often applied to the thermal 
death rate of microorganisms. A lag phase was observed before the viable population 
of Y. enterocolitica began to decline in acidified tryptone soya broth (TSB). This 
death lag phase was found to be significantly greater at 4°C than at 25°C.
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Fig. 5.1: Survival of Yersinia enterocolitica serotype 0:3 in acidified tryptone
soya broth at 25°C. 1; lower limit of counting method
(a) a ce tic  acid
16 20 248 12O A
Timo (doyo)
pH  3 j0  —tr~  PH  4 0  — O —  » < « •  +  • ( H  4 0  — A — pH  4 0  — pH  4 0
(b) lac tic  acid
8
7
6
6
4
3
2
1
o 6o 2 3 41
Tlmo (day*)
pH  40 —be— pH  44 — 0 —  pH  4 2
(c) citric acid
8
7
6
6
4
3
2
1
0
O 3 6 9 12 1815
Tlmo (doyo)
pH  40 —A— pH  44 — O —  pH  42 • • +  • ( H  40 - A -  • pH  30 — • — pH  30
<d) sulphuric ac id
8
7
6
5
4
3
2
1
0
2420160 1284
Tlmo (doyo)
pH  4 2  —be- pH  4 0  — O —  pH  3 JJ +  • pH  3 .0  — A - • pH  3 4  — a — pH  3 2
86
Lo
g 
cf
u/
m
J
Fig. 5.2: Survival of Yersinia enterocolitica serotype 0:3 in acidified tryptone
soya broth at 4°C. I ; lower limit of counting method
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Fig. 5.3: Survival of Yersinia enterocolitica serotype 0:9 in acidified tryptone
soya broth at 25°C. 1; lower limit of counting method
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Fig. 5.4: Survival of Yersinia enterocolitica serotype 0:9 in acidified tryptone
soya broth at 4°C. 1; lower limit of counting method
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Fig. 5.5: Survival of Yersinia enterocolitica serotype 0:13 in acidified tryptone
soya broth at 25°C. I ; lower limit of counting method
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Fig. 5.6: Survival of Yersinia enterocolitica serotype 0:13 in acidified tryptone
soya broth at 4°C. 1; lower limit of counting method
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One way of representing death rate is by a D-value which is the time required for a 
90% reduction, or a reduction of one log cycle in the number of viable cells after 
exposure to stress (Stumbo 1973). Although the survival curves (Figs. 5.1a-d -5.6a- 
d) were not log-linear, mean D-values were calculated by linear regression from the 
slope of the curves showing log number of survivors against time at a given 
temperature. From this, the death rate at a specific pH and temperature was 
determined. These results are presented in Tables 5.1 and 5.2. The influence of 
temperature and growth inhibitory pH values on D-values of Y. enterocolitica for all 
four acids was significant. The rate of death was much greater at 25°C than at 4°C 
and at lowered pH values. At both temperatures, the antibacterial activity of the 
acids tested was found to differ and could be arranged in order of lethality, acetic and 
lactic > citric > sulphuric.
Survival of Y. enterocolitica was therefore affected by incubation temperature, pH and 
the type of acid used to adjust the pH. The organism survived in acidic conditions 
particularly when stored at refrigeration temperature (4°C). This would indicate that 
in acidic chilled foods temperature abuse might actually improve safety! No 
significant difference, using the r-test, between the survival (D-values) of the 
environmental and pathogenic serotypes were discerned (p » 0.1).
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Table 5.1: D-values of Yersinia enterocolitica in tryptone soya broth acidified
with various acidulants at 25°C
Acid pH D-Value (hours)
Y. enterocolitica serotype
0:3 0:9 0:13
Acetic 5.0 355.2 432.0 496.8
4.8 144.0 158.4 86.4
4.6 63.2 60.0 48.0
4.4 33.2 24.0 30.0
4.2 15.6 18.0 10.8
4.0 9.6 13.2 -
Lactic 4.6 20.4 24.0 18.0
4.4 12.0 6.0 12.0
4.2 4.8 - 7.2
Citric 4.8 100.8 + +
4.6 93.8 128.4 50.4
4.4 40.8 52.8 48.0
4.2 18.0 26.4 19.8
4.0 12.0 9.6 18.0
3.8 9.6 7.2 7.2
3.6 6.0 4.8 6.0
Sulphuric 4.2 124.8 171.6 74.4
4.0 84.0 69.6 48.0
3.8 24.0 14.4 19.2
3.6 12.0 10.8 10.8
3.4 9.6 8.4 7.2
3.2 6.0 6.0 6.0
no viability detected after 24 h; + , no death.
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Table 5.2: D-values of Yersinia enterocolitica in tryptone soya broth acidified
with various acidulants at 4°C
Acid pH D-value (hours)
Y. enterocolitica serotype
0:3 0:9 0:13
Acetic 4.6 403.2 138.0 352.8
4.4 153.6 62.4 168.0
4.2 93.6 37.2 51.6
4.0 18.0 22.8 15.6
3.8 8.4 8.4 10.8
Lactic 4.6 189.6 252.0 751.2
4.4 93.6 90.0 120.0
4.2 69.6 38.4 72.0
4.0 43.2 21.6 31.2
3.8 20.4 10.8 21.6
3.6 4.8 4.8 7.2
Citric 4.6 648.0 + +
4.4 374.4 + 528.0
4.2 111.6 104.4 103.2
4.0 72.0 51.6 79.2
3.8 60.0 25.2 57.6
3.6 26.4 15.6 25.2
3.4 21.6 13.2 19.2
3.2 14.4 9.6 15.6
3.0 9.6 8.4 8.4
Sulphuric 4.2 636.0 660.0 +
4.0 198.0 324.0 318.0
3.8 120.0 201.6 199.2
3.6 66.0 106.8 108.0
3.4 34.8 38.4 76.8
3.2 15.6 16.8 52.8
3.0 4.8 7.2 18.0
+  , no death.
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At 4°C, the viable cell population remained relatively stable at 106 cfu/ml for various 
time periods depending on the pH (Figs. 5.2a-d, 5.4a-d and 5.6a-d). Parish & 
Higgins (1989) observed a direct linear relationship between medium pH and death 
lag phase for Listeria monocytogenes at 4°C. To determine whether this relationship 
exists with Y. enterocolitica, the length of time the population remained stable in 
acidified TSB was calculated using linear regression equations of data points below 
106 cfu/ml for each pH and acidulant. By inserting the log of the initial cell 
population (6.30) into each equation as the Y value, a calculated lag time before the 
population decline began was obtained for each pH level. Table 5.3, for example, 
shows the regression equations obtained and the calculated lag times for 
Y. enterocolitica serotype 0:9 in TSB acidified with acetic acid. An observed lag time 
also included in Table 5.3 was derived by inspection of the death rate curve (Fig. 
5.4a). Calculations for other serotypes and acidulants used are presented in Appendix 
III.
Table 5.3: Regression equations of data points below 106cfu/ml for Yersinia
enterocolitica serotype 0:9 in tryptone soya broth acidified with acetic 
acid at 4°C (Fig. 5.4a) x=lag time, Y=log cfu/ml.
pH Y intercept slope r Lag time (days)
V.
Calculated Observed
3.8 6.50 -3.24 0.9998 0.1 0.0
4.0 6.77 -0.74 0.9833 1.3 1.0
4.2 8.86 -1.40 0.9474 1.7 2.0
4.4 9.06 -0.57 0.9984 3.9 5.0
4.6 8.66 -0.28 0.9749 8.6 7.0
To determine if a linear relationship existed between pH and the lag time before 
viable numbers began to decline at 4°C, a regression of pH against calculated lag 
times was constructed. For Y. enterocolitica serotype 0:9 in TSB acidified with acetic 
acid (Table 5.3) the following equation was produced
Y = 9.81X- 38.12 , r=0.9244
95
Fig. 5.7: Relationship of pH to lag time before Yersinia enterocolitica serotype 0:9
population decline began in tryptone soya broth acidified with acetic
acid at 4°C
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where X is pH and Y is time before populations begin to decline. This equation 
predicts that, for the pH interval tested, a decrease of 0.1 pH unit will cause a 
reduction in the lag time of 1.0 day (see Fig. 5.7).
However this direct linear relationship between medium pH and lag time was not 
observed in all cases as shown by the low correlation coefficients, r (Table 5.4). 
Only two out of the twelve data sets (16.7%) were found to have a linear relationship 
(>  0.9) between pH and death lag time. Although significant lag periods were 
observed at 4°C before reductions in cell populations occurred, the relationship 
described for L.monocytogenes by Parish & Higgins (1989) was not observed with 
Y. enterocolitica.
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Table 5.4: Relationship of pH to lag time before Yersinia enterocolitica population
began falling in pH-adjusted tryptone soya broth at 4°C
Acid Yersinia enterocolitica 
serotype
r
Acetic 0:3 0.7717
0:9 0.9244
0:13 0.0366
Lactic 0:3 0.4264
0:9 0.8756
0:13 0.9150
Citric 0:3 0.1472
0:9 0.7557
0:13 0.4612
Sulphuric 0:3 0.6983
0:9 0.2578
0:13 0.7546
5.2.2 The Effect of pH. Acidulant and Sub-Optimal Temperature on the 
Survival of Yersinia enterocolitica serotype 0:3
Since there appeared to be no significant differences between the behaviour of the 
different serotypes tested, serotype 0:3 was chosen to conduct a more detailed study 
of survival at low pH over a broader temperature range. At a given pH, survival of 
Y. enterocolitica serotype 0:3 was greater as the temperature decreased, presumably 
due to a lower metabolic rate at reduced temperature. Figure 5.8 illustrates survival 
at pH 4.5 with lactic acid as acidulant; other acids gave similar plots and are 
presented in Appendix IV. Survival curves were found not to follow the simple log- 
linear relationship often applied to the thermal death rate of microorganisms. This 
could reflect variable resistance to low pH in the cell population.
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Fig. 5.8: Survival of Yersinia enterocolitica serotype 0:3 in tryptone soya broth
acidified with lactic acid at pH 4.5
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D-values were calculated from the survival curves for each pH and temperature 
(Table 5.5). For most (94%) of the various combinations of pH and temperature, 
citric and sulphuric acids were less bactericidal than acetic and lactic acids. In six 
out of the seven data sets where comparison between all acids at the same pH was 
possible, the order of bactericidal activity was acetic >  lactic >  citric >  sulphuric. 
This is in accord with other work which shows that weak organic acids such as 
acetate and lactate are more inhibitory than strong acids (Brackett 1986; 1987; 
Brocldehurst & Lund 1990) as they can penetrate and acidify the cell’s interior (Booth 
& Kroll 1989; Eklund 1989).
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Table 5.5: D-values of Yersinia enterocolitica serotype 0:3 in tryptone soya broth
acidified with various acidulants from 0-23°C
pH Acid Mean D-value (days)
Temperature (°C)
0 4 10 23
3.0 Acetic - - - -
Lactic - - - -
Citric 0.7+0.05 0.5+0.03 0.4+0.03 0.2+0.02
Sulphuric 1.8+0.03 1.1+0.10 0.6+0.05 0.3+0.03
3.5 Acetic _ - _ -
Lactic 0.5+0.03 0.3+0.03 0.2+0.00 -
Citric 4.3+0.38 2.8+0.23 1.6+0.10 0.7+0.03
Sulphuric 11.1+0.35 4.7+0.40 2.2+0.03 0.7+0.00
4.0 Acetic 5.7+0.10 3.0+0.03 1.5+0.00 0.6+0.20
Lactic 11.1+0.05 3.4+0.23 1.3+0.20 0.4+0.00
Citric 10.4+0.35 7.7+0.08 5.4+0.15 2.9+0.08
Sulphuric + + + +
4.5 Acetic 11.1+0.15 14.8+0.05 9.8+0.55 4.7+0.00
Lactic 14.8+0.20 5.2+0.00 1.9+0.10 0.6+0.00
Citric + + + +
Sulphuric + + + +
no viability detected after 24 hours; + , no death. The D-values were determined 
in duplicate. The results are presented as the mean ±  standard error of the mean.
5.2.3 Modelling the Effect of pH. Acidulant and Sub-Optimal Temperature on 
the Survival of Yersinia enterocolitica using the Square Root Function
If death is regarded simply as negative growth then its rate may be amenable to a 
similar mathematical treatment by the square root function describing growth (eqn.
V i  = b(T - T0) (1)
where r is a measure of the bacterial growth rate; b is the regression coefficient; T
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is the absolute temperature (°K) and T0 is the theoretical minimum growth 
temperature for the organism.
From a total of 224 curves describing survival (Fig. 5.8 & Appendix IV), death rate 
was calculated at each temperature and pH as the reciprocal of the time for the viable 
population to decrease by 4 log cycles.
Square root plots of death rate against temperature for different pH values and with 
various acidulants are presented in Figures 5.9(a-d). These plots show that the death 
rate increases with decreasing pH and increasing temperature. For each combination 
of pH and acidulant, linear regression of the data gave high correlation coefficients 
(r) (Table 5.6) indicating that the behaviour can be described by a square root model.
Table 5.6: T0 values determined from plots of square root of death rate against 
temperature (0-23°C) at different combinations of pH and acidulants
Acid pH T0(°K) r
Acetic 3.8 257.3 0.9670
4.0 262.0 0.9703
4.3 258.5 0.9118
4.5 250.0 0.8609
Lactic 3.5 258.1 0.9803
4.0 267.8 0.9573
4.5 267.3 0.9689
Citric 3.0 241.7 0.9186
3.5 258.0 0.9421
4.0 250.8 0.9685
Sulphuric 3.0 248.0 0.9517
3.3 259.1 0.9956
3.5 264.8 0.9042
3.8 265.0 0.9614
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Fig. 5.9: Effect of temperature and pH on the death rate of Yersinia enterocolitica
serotype 0:3
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However similar correlation coefficients (>  0.9) were obtained when linear regression 
analysis were performed on plots of death rate (r), 1/r, log r or V r  against 
temperature (Table 5.7), and inspection of the data points in Figures 5.9(a-d) suggest 
that curves would be a more accurate representation.
Table 5.7: Relationship of death rate (r), 1/r, log r and V r  against temperature 
(0-23°C) at different combinations of pH and acidulants
Acid pH r
r 1/r log r •Vr
Acetic 3.8 0.9649 0.9658 0.9670 0.9671
4.0 0.9786 0.9265 0.9942 0.9809
4.3 0.9949 0.8597 0.9569 0.9279
4.5 0.9637 0.8241 0.8999 0.8744
Lactic 3.5 0.9665 0.9788 0.9789 0.9803
4.0 0.9517 0.8923 0.9942 0.9739
4.5 0.9877 0.9416 0.9855 0.9757
Citric 3.0 0.9822 0.8850 0.9470 0.9287
3.5 0.9963 0.9021 0.9721 0.9535
4.0 0.9883 0.9472 0.9831 0.9742
Sulphuric 3.0 0.9931 0.9170 0.9781 0.8954
3.3 0.9610 0.9818 0.9954 0.9971
3.5 0.9953 0.8476 0.9523 0.9218
3.8 0.9545 0.9045 0.9928 0.9757
T0 values were obtained by extrapolation of the best-fit straight lines to the 
temperature axis (Figs. 5.9a-d) and ranged from 241.7°K to 267.8°K (Table 5.6). 
The high coefficient of variation for extrapolated T0 values (acetic, 31.4%; lactic, 
63.5%; citric, 35.8%; sulphuric, 57.8%) prevented construction of a combined/pH 
death rate model similar to that for growth. This would require a constant Tc value 
to allow the regression coefficient b (eqn. 1) to be replaced by its relationship with 
pH.
From these results, it is clear that while the square root model can provide a good
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description of microbial growth at sub-optimal temperature and pH, it cannot be 
readily applied to survival at similar temperatures and growth inhibitory pH values.
5.2.4 Modelling the Effect of pH. Acidulant and Sub-Optimal Temperature on 
the Survival of Yersinia enterocolitica using the Vitalistic Model
The reduction in the log number of survivors with log time was fitted to a logistic 
function using SAS SYSLIN (SAS Institute, Inc.). The Marquardt iterative method 
of fitting was used. Details of this procedure are included in the SAS User’s Guide 
(SAS Institute Inc., North Carolina, USA, 1985). The Vitalistic model (eqn. 2) of 
Cole et al. (1992) was used to fit the survival data.
y =  a  +  {(« +  or)/l +  e48^ ^ }  (2)
where y is the viable count (log10 cfu/ml), x is the time (log10 hours), a  is the upper 
asymptote, co is the lower asymptote and 8 is the maximum slope of the death curve 
(see Fig. 2.9). TOR (T) is the time point at which maximum slope is reached.
For each pH value and acidulant the values of alpha (a), omega (co) and sigma (6) 
were fixed to their mean values. The effect on TOR (the position of maximum slope 
on a log time axis) was described using a simple linear function substituted into 
equation (2). For example, the following equation can be used to describe the effect 
of temperature on the survival of Y. enterocolitica at a particular pH and acidulant:
y =  a  +  {(co +  a)/1 +  e45(li + CTC*TEMP) - x)/(u - <*)} (3)
where y, x, a, a>, 8 are as previously defined. TC is the temperature coefficient, 
TEMP is the temperature (°C) and 13 is the difference between the two asymptotes of 
the death curve.
For each acid and pH, a single predictive equation (eqn. 3) was produced which 
described the rate of death of a 106 viable population of Y. enterocolitica in acidified
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TSB over a range of temperature. For example, equation 3 describes the effect of 
temperature on the survival of Y.enterocolitica at pH 3.5 acidified with citric acid 
when 13 = 4.365; TC = -0.0295 and TEMP = 0-23°C. By placing the appropriate 
parameter estimates of the death curve (Table 5.8) into equation (3) along with the 
temperature and log10 time, the survival of Y. enterocolitica was predicted to each pH 
and acidulant (Figs. 5.10-5.23).
Table 5.8: Parameter estimates for the Vitalistic model
Acid pH Omega
(co)
Alpha (a) Sigma (6) Beta (13) Temperature
Coefficient
(TC)
Acetic 3.8 -3 6.52061 -6.93257 3.46651 -0.049158
4.0 -3 6.42779 -9.17178 4.57037 -0.039284
4.3 -3 6.46733 -12.15140 4.44055 -0.024566
4.5 -3 6.43130 -10.53800 4.94355 -0.015500
Lactic 3.5 -3 6.46718 -14.14030 3.48905 -0.045646
4.0 -3 6.28845 -19.56410 4.57503 -0.047132
4.5 -3 6.65967 -6.06350 5.05736 -0.048004
Citric 3.0 -3 6.46413 -8.07056 3.64050 -0.019680
3.5 -3 6.45854 -6.60137 4.36477 -0.029583
4.0 -3 6.40337 -8.88735 4.86733 -0.025602
Sulphuric 3.0 -3 6.39288 -5.67605 4.03259 -0.030829
3.3 -3 6.45854 -6.31092 4.05398 -0.030633
3.5 -3 6.35625 -5.89794 4.70950 -0.039714
3.8 -3 6.47425 -7.84612 4.68679 -0.043183
105
I Q .  S .- f lO :  X E N T E R O C O U T 8 C A  A C E T I O  A C I D  R H  3 . Q
e m p e r o t u r e  d e p e n d e n t  i n a c t i v a t i o n
TEMP— 0 . 8 T E M P - 1 . 6
7
6
30 23 4■2
7
6
5
4
3
2
0
2
3
3 43 2 0 2
LOG TI ME ( r a i n ) LOG TI ME ( m i n )
T E U P - 4 T E M P - 6 . 6
>
I0
G
C
E
L
L
No
-31
■3 3 42 0 2 3 ■3 24 20
LOG TI ME ( r a i n ) LOG TI ME ( r a i n )
T E M P - 1 1 . 6 T E M P - 1 5
3 32 0 2
7
6
5
4
3
2
0
2
3
3 4•3 22 0
LOC T I M E  (min) L O G  T I M E  (min)
T E U P - 18.2
>
>
32 403 2
LOG TIME (min)
T E M P - 2 2 . 5
3 4202■3
LO G  T I M E  (min)
7
6
5
4
3
2
1
0
-1
- 2
- 3
I Q  ^ . “1-1= V E N T E R O C O U T I C A  A C E T I C  A O I D  R H  4 . 0
e m p a r a t u r e  d e p e n d a n t  i n a c t i v a t i o n
T E M P - 0 T E M P - 1 . 4
7
5
5
50 2 3 43 2
LOG T I ME  ( m i n )
T E M P - 3
LOG TI ME ( m i n )  
T E M P - 8 . 6
7
6
5
4
3
2
0
2
3
53 43 22 0
>
>
i
2 0 2 53 4
2 0 23 53
LOG T I M E  ( m i n )  
T E M P - 4 . 6
7
6
5
4
3
2
0
2
3
53 3 42 0 2
LOG T I M E  ( m i n )
T E M P - 1 2 . 6
7
6
5
4
3
2
0
■2
3
5•3 3 42 0 2
L O G  T I M E  (min) L O G  T I M E  (min)
T E M P - 1 7
2 33 0 2 54
L O G  T I M E  ( m i n )
T E M P - 2 2 . 7
53 32 0 42
L O G  T I M E  (min)
7
6
5
4
3
2
1
0
-1
-2
-3
I Q .  5 . 1 2 :  ^ E N T E R O C O U I T I C A  A O E T I C  A Q I D  F>l-i 4 . 3
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T E M P - 0
7
6
52 33 0 42
LOG T I M E  ( m i n )
T E M P - 3
7
6
5
4
3
2
0
2
3
2 0 2 3 S
LOG TI ME ( m i n )
T E M P - 8 . 6
7
6
5
3
2
0
2
3
53 0 2 32 4
T E M P - 1 . 4
52 3•3 2 0 4
LOG T I M E  ( m i n )
T E M P - 4 . 6
52•3 0 32 4
LOG T I ME  ( m i n )
T E M P - 1 2 . 6
50 2•3 3 42
7
6
5
4
3
2
1
0
-1
- 2
- 3
7
6
5
4
3
2
1
0
-I
-2
- 3
7
6
5
4
3
2
1
0
-1
-2
-3
L O G  T I M E  (min) L O G  T I M E  ( m i n )
T E M P - 1 7
>
3 2 0 2 3 S
L O G  T IME (min)
T E M P - 2 2 . 7
53 2 3 40 2
L O G  T I M E  (min)
7
6
S
4
3
2
1
0
-1
- 2
- 3
I O  S . 1 3 :  V E N T E R O C O U T I O A  A C E T I C  A C I D  P H  4 . S
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T E M P - 0 T E MP ®1 . 4
7
6
5
3
2
0
3 52 20 4
LOG TI ME ( m i n )
T E M P - 3
LOG T I ME  ( m i n )  
T E M P - 8 . 6
7
6
5
3
2
0
■3 2 0 3 52 4
7
6
5
3
2
0
3 2 30 2 5
7
6
5
4
3
2
0
3 2 50 2 3 4
LOG T I ME  ( m i n )  
T E M P - 4 . 6
7
6
5
4
3
2
0
53 2 0 2 3 4
LOG T I ME  ( m i n )  
T E M P - 1 2 . 6
7
6
5
4
3
2
0
5■3 2 0 32 4
LO G  T I M E  (min) L O G  T I M E  (min)
T E U P - 1 7 T E M P - 2 2 . 7
7
6
5
3
2
0
533 0 2 42
7
6
5
4
3
2
0
3 4 5■3 2 0 2
LO G  T I M E  ( m i n ) L O G  T I M E  ( m i n )
l O .  ^ . 1 4 :  Y E N T E R O C O L I T I C A  L A O T I O  A O I D  P H  3 . 6
e m p e r a t u r e  d e p e n d e n t  i n a o t  i v a t  i o n
T E M P - 0 T E M P - 2 . 4
7
6
0 2 3 42
7
6
5
4
3
2
0
2
3
3 43 2 0 2
LOG T I ME  ( m i n ) LOG T I M E  ( r a i n )
T E M P - 4 .9 T E M P - 7 . 4
3 2 0 2 31 4
7
6
5
3
2
0
2
3
433 2 0 2
LOG T I ME  ( m i n ) LOG T I M E  ( m i n )
T E M P - 1 2 . 4 T E M P - 1 5 . 8
L0
G
C
E
L
L
No
-31
403 ■2 2 0 33 3 2 24
L O G  T I M E  (min) L O G  T I M E  (mi n )
T E M P - 1 9 . 1
7
6
5
4
3
2
0
2
3
3 2 0 2 3 4
L O G  T I M E  ( m i n )
T E M P - 2 3 . 3
2■3 30 2 4
L O G  T I M E  (mi n )
7
6
5
4
3
2
1
0
-1
- 2
- 3
•aca
e m  p
^ . - 1 ^ =  Y E N T E R O C O L I T I C A  L A O X I O  A O I D  P H  4 . 0
e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T E M P - 0 T E M P - 2 . 4
7
+  JL
6
5
4
3
2
0
1
2
3
32 5403 2
7
6
5
4
3
2
0
2
3
2 3 53 2 0 4
LOG TI ME ( m i n ) LOG T I ME  ( m i n )
T E M P - 4 . 9 T E M P - 7 . 4
7
6
5
4
3
2
0
2
3
2 30 52 4
7
6
5
4
3
2
0
2
3
532 4■3 2 0
LOG TI ME ( m i n ) LOG T I ME  ( m i n )
T E M P - 1 2 . 4 T E M P - 1 5 . 8
7
5
5
3
2
0
2
* 3
2 3 53 02 4
7
6
5
4
3
2
0
■2
3
5•3 2 2 3 40
LOG T I M E  ( m i n ) L O G  T I M E  ( m i n )
TEMP-19.1
53 42023
LO G  T I M E  (min)
T E M P - 2 3 . 3
53 420•2
L O G  T I M E  (min)
7
6
S
4
3
2
1
0
-1
- 2
- 3
I Q .  © . 1 © :  X E N T E R O Q O L I T I C A  L A Q T I O  A C I D  P H  4 . 0
o m p o r a t u r e  d a p a n d e n  t i n a o t  i v a t  i o n
T E M P - 0 T E M P - 2 . 4
7
6
5
3
2
0
2
3 50 22 4
LOG T I ME  ( m i n )
T E M P - 4 . 9
LOG TI ME ( m i n )
T E M P - 1 2 . 4
7
6
5
4
3
2
0
2
3 53 2 42 0
7
6
5
3
2
0
2
0 2 3 52 4
LOG T I M E  ( m i n )  
T E M P - 7 . 4
7
6
5
3
2
0
2
53 3 42 0 2
LOG T I ME  ( m i n )  
T E M P - 1 5 . 8
>
>
L0
G
C
EL
L
No
i - 2-1
0 53 2 2 3 3 05 2 3 44 2
L O G  T IME ( m i n ) L O G  T I M E  (min)
TEI(P“ 19.1
7
6
5
3
2
0
2
3 0 2 32 4 5
L O G  T I M E  ( m i n )
T E M P - 2 3 . 3
5■3 2 0 2 3 4
L O G  T I M E  (mi n )
7
6
5
4
3
2
I
0
-I
-2
l O  S . I ' Z :  E N T E R O C O L I T I O A  O I X R I O  A O I D  P H  3 - 0
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T EMP — 0 . 8 Temp- 1.6
7
5
32023
7
6
5
♦
3
2
0
2
32 43 2 0
LOO H U E  ( n i n ) LOG T I M E  ( m i n )
T E M P - 4 T E M P - 6 . 6
i
0 33 ■2 2 4
7
6
5
4
3
2
0
2
3 40 2■3 2
LOG TI ME ( m i n ) LOG T I M E  ( m i n )
T E M P - 1 1 . 6 T E M P - 1 5
32 0 23 1 4
7
6
5
4
3
2
0
2
430 23 2
L O G  T IME (min) L O G  T I M E  ( m in)
TEUP-18.2
7
6
5
4
3
2
0
2
32 403 2
L O G  T I M E  ( m i n )
T E M P - 2 2 .5
3 40 223
L O G  T I U E  ( m i n )
7
6
5
4
3
2
I
0
-1
- 2
- I O  5 . 1 8 :  v : E M X E R O O O L m O A .  C I T R I C  A C I D  P H  3 . S
" e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
TE MP — 0 . 8
7
6
5
4
3
2
0
2
3 53 0 2 42
LOG TI ME ( m i n )  
T E M P - 4
7
6
5
4
2
1
0
2
3 2 0 2 3 54
LOG TI ME ( m i n )  
T E M P * 1 1 . 6
7
6
5
3
2
0
1
2
2 33 2 0 54
T E M P - 1 . 6
3 2 3 50 2 4
LOG T I ME  ( m i n )
T E M P - 6 . 6
53 4■2 0 2 3
LOG T I ME  ( m i n )
T E M P - 1 5
52•3 3 40
7
6
5
4
3
2
1
0
-1
- 2
7
6
5
4
3
2
1
0
-1
- 2
7
6
5
4
3
2
1
0
-1
- 2
LO G  T I U E  (mi n ) L O G  T I M E  (min)
T E U P - 1 8 . 2
7
6
5
4
3
2
0
2
2 2 53 0 4
LO G  T I U E  (min)
1 E U P  * 2 2  - 5
•3 52 0 32 4
L O G  T I U E  (rain)
7
6
5
4
3
2
I
0
-1
- 2
■ I O  6 . 1 9 :  V . E N T E R O C O L I T I C A  C I T R I C  A O I D  R H  4 . 0
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T EMP — 0 . 8
7 ++
6
5
3
2
0
53 2 0 2 3 4
LOG T I ME  ( m i n )
T E MP * 4
7
6
5
4
3
2
0
23 2 0 3 54
LOG T I ME  ( m i n )
TEMP«=I 1 . 6
7
6
0
3 2 0 2 3 54
T E M P - 1 . 6
53 43 2 0 2
LOG T I U E  ( m i n )  
T E M P « G . 6
52 0 3 42
LOG T I M E  ( m i n )
T E M P = 15
0 5■3 2 2 3 4
7
6
5
4
3
2
I
0
-1
7
6
5
4
3
2
1
0
-1
7
6
5
4
3
2
1
0
- I
LO G  T I M E  ( m i n ) L O G  T I M E  (min)
T E M P - 1 8 . 2 T E M P - 2 2 . 5
7
6
5
4
3
2
0
3 2 3 50 2 4
7
6
5
4
3
2
0
2 03 2 3 4 5
L O G  T I U E  ( n i n )  L O G  T I U E  (mi n )
I O  S . 2 0 :  E N T E R O C O U T I O A  S U L P H U R I C  A C I D  R H  3 . 0
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T E M P - 0
3 s0 2- 3 42
LOG T I U E  ( m i n )  
T E M P - 4 . 9
7
6
5
4
3
2
0
2
3 02 2 54
LOG TI ME ( m i n )  
TEMP** 1 2 . 4
7
5
3 02 2 3 54
T E M P - 2 . 4
2 3 4 53 02
LOG T I M E  ( m i n )
T E M P - 7 . 4
53 43 0 22
LOG T I M E  ( m i n )
T E M P - 1 5 . B
53•3 0 2 42
7
6
5
4
3
2
1
0
-1
- 2
7
6
5
4
3
2
1
0
-1
- 2
7
6
5
4
3
2
1
0
-1
- 2
L O G  T I U E  ( m i n ) L O G  T I M E  (mi n )
T E M P - 1 9 . 1 T E M P - 2 3 . 3
7
3 2 0 3 5-1 2 4 ■3 2 0 2 3 4 5
7
6
5
4
3
2
1
0
-1
- 2
L O G  T I U E  (mi n ) L O G  T I U E  (rain)
I<31 S . 2 1 :  - V I E N 1  'EiR O C O U T I C A  S U L P H U R I C  A C S D  R H  3 . 3 0
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T E M P - 0 . 6 T E M P - 2 . 2
7
6
5
4
3
2
1
0
- 2-12
532 405 •3 •23 423 2 0
LOG T I U E  ( m i n )
T E M P - 3 . 8
7
6
5
3
2
0
2
53 2 0 2 3 4
LOG T I U E  ( m i n )  
T E M P - 9 . 4
7
6
5
3
2
0
2
53 0 2 3 4
LOG T I U E  ( m i n )  
T E M P - 5 . 4
7
6
5
4
3
2
0
2
5432 0 23
LOG T I U E  ( m i n )
T E M P - 1 3 . 4
7
6
5
4
3
2
0
•2
53 40 22•3
LO G  T I U E  (mi n ) L O G  T I U E  ( m i n )
T E U P - 1 8 . 8
7
6
5
4
3
2
0
2
0 3 53 2 2 4
L O G  T I U E  (min)
T E M P - 2 3 . 5
52■3 30 2 4
L O G  T I U E  (mi n )
7
6
5
4
3
2
1
0
-1
- 2
■ I Q  5 . 2 2 :  \ : E N T E R O C O U T I C  S U L P H U R I C  A C I D  P H  3 . S O
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T E M P - 0 T E M P - 2 . 4
7
6
5
3
2
0
2
2 3 50 43 2
7
6
5
4
3
2
0
2
3 4 53 2 0 2
LOG T I ME  ( m i n ) LOC T I M E  ( m i n )
T E M P - 4 . 9 T E M P - 7 . 4
7
6
5
3
2
0
2
3 0 2 3 52 4
LOG T I ME  ( m i n )  
T E M P - 1 2 . 4
7
6
5
4
3
2
0
2
53 32 0 2 4
02 2 5■3 3 4
LOG T I M E  ( m i n )
T E M P = t 5 . 8
7
6
5
4
3
2
0
2
50 43 2 32
L O G  T I M E  (min) L O G  T I M E  (min)
T E U P - I 9 . I T E U P - 2 3 . 3
7
6
5
4
3
2
0
2
532 40■3 2
7
6
5
3
2
0
2
3 52 43 02
LO G  T I U E  ( m i n ) L O G  T I M E  (min)
I<3 5 . 2 3 :  ' V : E M X E R O O O L I T I O A  S U L P H U R I C  A C I D  P H  3 . 8 0
e m p e r a t u r e  d e p e n d e n t  i n a c t i v a t i o n
T E M P - 0 . 6 T E M P - 2 . 2
7
6
5
4
3
2
0
2
3
3 50 22 4
7
6
5
4
3
2
0
2
3
4 53 32 0 2
LOG T I ME  ( m i n )  
T E M P - 3 . 8
LOG T I M E  ( m i n )  
T E M P - 5 . 4
I0
G
C
ELL
No
- 3 - 1
5•2 0 2 3 5 3 40 34 2 2
LOG T I ME  ( m i n )  
T E M P - 9 . 4
LOG T I ME  ( m i n )
T E M P - 1 3 . 4
3 2 0 2 3 54
7
6
5
4
3
2
0
2
3
5■3 42 0 32
LO G  T I M E  (min) L O G  T I M E  (min)
T E U P - 1 8 . 8
7
6
5
4
3
2
0
2
3
53 2 2 30 4
LO G  T I K E  (mi n)
T E M P - 2 3 . 5
•3 2 3 52 0 4
L O G  T I M E  (min)
7
6
5
4
3
2
1
0
-1
- 2
- 3
These fitted curves allow predicted values from the model to be compared against raw 
data points and were found to be in good agreement (Figs. 5.10-5.23). The 
closeness-of-fit of predicted values to actual data was also shown statistically by low 
mean square errors calculated for each pH value and acidulant (Table 5.9).
Table 5.9: Statistical analysis of logistic death curve fit to survival of Yersinia 
enterocolitica at growth inhibitory pH values with various acidulants 
over the temperature range 0-23°C
Acid pH Residual mean square error
Acetic 3.8 0.0386
4.0 0.1499
4.3 0.1131
4.5 0.1452
Lactic 3.5 0.0175
4.0 0.1443
4.5 0.2173
Citric 3.0 0.1167
3.5 0.0923
4.0 0.0834
Sulphuric 3.0 0.1250
3.3 0.0797
3.5 0.2652
3.8 0.0752
Mean square error; sum of squares divided by the degrees of freedom.
The Vitalistic model was then used to predict the time for a reduction in viable 
numbers by a factor of 4 log cycles under a variety of conditions of pH, acidulant and 
temperature (Table 5.10). In the majority of cases the order of bactericidal activity 
was acetic > lactic > citric > sulphuric which is in agreement with the 
experimental data and supports those observations found in similar studies by Brackett 
(1986; 1987) and Brocklehurst & Lund (1990).
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Table 5.10: Predicted times (days) for a 4 log cycle reduction of Yersinia
enterocolitica serotype 0:3 in tryptone soya broth acidified with
various acidulants from 0-23°C
pH Acid Predicted times (days)
Temperature (°C)
4 10 20
3.0 Acetic - _ _
Lactic - - -
Citric 2.1 1.6 1.0
Sulphuric 4.3 2.7 1.3
3.5 Acetic - - _
Lactic 1.3 0.7 0.2
Citric 9.6 6.4 3.2
Sulphuric 19.0 11.1 4.4
4.0 Acetic 15.6 7.9 3.6
Lactic 15.7 8.2 2.8
Citric 33.3 23.4 13.0
Sulphuric + + +
no viability detected after 24 hours; +  , no death.
A Vitalistic model previously used to describe the thermal inactivation of 
microorganisms has also been applied successfully to predict accurately the survival 
of Y. enterocolitica under varying conditions of sub-optimal temperatures and pH 
values for a number of different acidulants. Survival curves fitted to an appropriate 
logistic model thereby provide a useful and convenient method for analysis of the 
lethal effects of combined treatments on bacteria.
After the construction of a predictive model it is important that it is validated in 
foods, particularly using the food type for which it is intended. Using the equation 
for acetic acid at pH 3.8, predictions from the Vitalistic model were compared with 
observed values of survival of Y.enterocolitica serotype 0:3 in mayonnaise (pH 3.78) 
at 21°C and 5°C (Brackett 1986).
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The comparison of times predicted by the Vitalistic model with observed values for 
a 2 log10 decrease and a 4 log10 decrease in viable cell numbers in mayonnaise is 
presented in Table 5.11. The results demonstrate that predicted survival times are 
in very close agreement to observed times.
Table 5.11: Evaluation of the Vitalistic model for predicting survival of Yersinia 
enterocolitica serotype 0:3 in mayonnaise at 21°C and 5°C
Temperature
(°C)
Time for a 2 log10 decrease in 
viable cell numbers (hours)
Time for a 4 log10 decrease 
in viable cell numbers (hours)
observed predicted observed predicted
21 2.00 2.10 4.30 4.20
5 10.90 10.40 21.50 21.80
Predictions from the model were also compared with observed survival values of 
Y.enterocolitica serotype 0:9 in yoghurt (pH 4.1) prepared from either cow’s or 
sheep’s milk and stored at 4°C (Mantis et ah 1982), using the equation for lactic acid 
at pH 4.0. The model predicts considerably longer survival times than was observed 
(Table 5.12). Use of the Vitalistic model under these circumstances would be ’fail 
safe’. This was confirmed by my own study where Y.enterocolitica serotype 0:3 was 
inoculated into natural yoghurt and stored at 20°C and at 4°C (Table 5.13).
Table 5.12: Evaluation of the Vitalistic model for predicting survival of Yersinia 
enterocolitica serotype 0:9 in yoghurt at 4°C
Yoghurt Time for a 2 log10 decrease in 
viable cell numbers (hours)
Time for a 4 log10 decrease 
in viable cell numbers (hours)
observed predicted observed predicted
Cow’s milk 18.0 283.2 35.3 376.8
Sheep’s milk 12.0 283.2 31.2 376.8
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Table 5.13: Evaluation of the Vitalistic model for predicting survival of Yersinia 
enterocolitica serotype 0:3 in yoghurt at 20°C and at 4°C
Temperature
(°C)
Time for a 2 log10 decrease in 
viable cell numbers (hours)
Time for a 4 log10 decrease 
in viable cell numbers (hours)
Observed Predicted Observed Predicted
20 7.7 50.4 15.6 66.0
4 15.6 283.2 31.2 376.8
This discrepancy in yoghurt can be ascribed to several reasons. The predictive model 
was constructed from survival data obtained in TSB which is a nutritionally 
favourable medium, free from natural inhibitors and a competing microflora that 
would be present in yoghurt. Yoghurt is a fermented milk product with high numbers 
of lactic acid bacteria present which would reduce the survival of a poor competitor 
such as Y. enterocolitica (Stem et al. 1980b).
Foods can have different buffering capacities to culture broth media. Where it is 
greater, a larger amount of acid would be required to produce the same pH, leading 
to a greater concentration of undissociated acid in the product. The toxicity of weak 
organic acids is a function of the concentration of undissociated acid as well as pH. 
Therefore the combined effect of low pH and a higher weak acid concentration in 
food would lead to greater growth inhibition and death. The greater buffering 
capacity of milk compared to TSB could also therefore be a contributory factor. In 
mayonnaise where good agreement was obtained one would expect a negligible 
competitive microflora and a lower buffering capacity than milk.
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PART II
Chapter 6 The Preservation of Foods by Low pH
The pH of a food plays a significant role in determining the types of microorganisms 
capable of growing and causing spoilage or a potential health hazard. Acids, whether 
naturally present in food, accumulated as a result of fermentation, or intentionally 
added during formulation, have been utilised for many years to control microbial 
growth (Beuchat & Golden 1989). Many modem foods are preserved by addition of 
weak organic acids (Table 6.1) which are usually not present in sufficient quantity to 
affect the pH but are more effective antimicrobial agents at low pH. The combined
Table 6.1: Food-grade organic acid preservatives and conditions of use
Acid pKa Typical maximum 
use concentration 
(mg/kg)
Typical food uses
Acetic 4.76 A few thousand up 
to per cent levels in 
vinegars
Pickling of meat, fish, and 
vegetable products, salad creams 
and dressings, sauces, vinegar
Propionic 4.87 1-5000 Bread, flour confectionary, jam, 
tomato puree, non-emulsified 
sauces
Sorbic 4.80 100-2000 Fresh and processed cheese, 
dairy products, bakery products, 
fruit juices, acid sauces and 
salads, jams, jellies, soft drinks, 
margarines, semipreserved fish, 
and meat products
Benzoic 4.18 100-4000 Pickles, acid sauces and salads, 
semipreserved fish, fruit juices, 
soft drinks, jams, margarine
Lactic 3.86 A few thousand up 
to per cent levels
Fermented meat and dairy 
products, carbonated drinks, 
salad dressings, pickled 
vegetables, sauces
Citric 3.13 A few thousand up 
to percent levels
Soft drinks, jams and jellies, 
bakery products, cheese, canned 
vegetables, sauces, packet dry 
soup and cake mixes
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effect of a low pH and a high weak acid concentration leads to acidification of the 
cell contents which is probably the main cause of growth inhibition and death (Baird- 
Parker 1980).
The pH of a food product contributes to its stability from microbiological pathogens. 
Low-acid foods of pH > 4.6 are not microbiologically stable and may support the 
growth of pathogens whereas acid and acidified foods (pH < 4 .6 )  will not. While 
pH cannot often be used as the sole preservative factor, it may be used in 
combination with other factors that contribute to the stability of the product (Vasavada
1988). Cheese is an example of a product where pH is used in conjunction with other 
factors, such as salt and moisture content, to provide stability against foodbome 
pathogens in a low-acid product (Johnson et al. 1990).
6.1 Acidification of Foods
Microbial growth and survival are influenced both by the concentration of hydrogen 
ions (H+) and the type and concentration of the acidulant. pH is defined as:
pH = log10 (1/[H+])
where [H+] is the hydrogen ion concentration (mol/1). The response of 
microorganisms can often be related more closely to hydrogen ion concentration than 
to the pH because around critical values for growth large changes in hydrogen ion 
concentration are hidden by small changes in pH (ICMSF 1980).
Acids are described as either strong, e.g hydrochloric (HC1) and sulphuric (H2S04), 
or weak, e.g lactic and acetic, based on their dissociation constant or pKa value. The 
pKa of an acid is the pH value at which the concentrations of its dissociated and 
undissociated forms are equal. The antimicrobial action of a weak organic acid 
depends upon its pKa value, its molecular structure and the pH of the medium. The 
relationship between pH and pKa can be summarised in the Henderson-Hasselbalch 
equation:
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pH = pKa + log [A-]/[HA]
where [A'] is the concentration of the acid anion and [HA] is the concentration of the 
undissociated acid. Strong acids have low pK^ values (e.g. HC1, pKa <1 .0 )  whereas 
weak acids have pKa values that are between pH 3 and 5 (Table 6.1). As the pH is 
lowered, the concentration of undissociated acid increases. In foodstuffs with pH 
values in the range 2.5 - 6.5, strong acids will almost completely be dissociated but 
in excess of 90% of weak acids may be present in the undissociated form depending 
on the pH (ICMSF 1980).
6.2 Acid Preservation Regimes
The effectiveness of acidification as a microbial inhibitor is strongly dependent upon 
the acid used. Three different effects of acid preservation regimes have been 
recognised (Corlett & Brown 1980).
6.2.1 Strong Acids
Strong inorganic acids are not permeant through the cell membrane and do not affect 
the cytoplasmic pH (pHj) to the same extent as permeant weak acids. Strong acids 
are completely dissociated at pH values encountered in foods. Their antimicrobial 
effects rely on the acid concentration providing a high H + concentration around the 
microbial cell (ICMSF 1980). These acids may exert their influence by denaturing 
enzymes present on the outer layers of the cell, i.e. the outer membrane, the cell 
wall, the periplasm and the inner membrane. In this way, for example, the external 
pH may limit growth if it reduces the activity of the transport systems for essential 
ions and nutrients. One other effect of strong acids is the lowering of the pHj due 
to increased proton permeability when the pH gradient is very large. Therefore a 
relatively low external pH is often required for effective preservation by these acids 
(Booth & Kroll 1989).
6.2.2 Weak Acids
Undissociated lipophilic weak acids can permeate through the cell membrane causing
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uncontrolled leakage of H + to the cell interior, acidifying the cytoplasm and 
inhibiting metabolism and transport. The antimicrobial effect of weak acids is 
therefore directly related to their extracellular concentration, as this determines the 
rate of H+ transport across the cell membrane, and the external pH (Booth & Kroll
1989). It has been generally assumed that the antimicrobial activity is directly related 
to the concentration of undissociated acid (Baird-Parker 1980). The undissociated 
acid may however have specific inhibitory effects on metabolism which amplify its 
antimicrobial effect. Some acids will dissociate to give anions, e.g. lactate and 
citrate, which the cell can transport and metabolise, and whose presence does not 
therefore inhibit energy yielding metabolism. However other acids such as acetate 
are very effective preservatives since they are not only proton conductors but may 
also yield inhibitory concentrations of their anions within the cell (Salmond et al. 
1984; Booth 1985).
Weak acids are most effective at concentrations above 1% and pH values below 5.5. 
The presence, for example, of 1-2% undissociated acetic acid in meat, fish or 
vegetable products will usually inhibit or kill all microorganisms. The growth of 
most food poisoning and spore-forming bacteria is inhibited by 0.1% and 
mycotoxigenic moulds by 0.3% of this undissociated acid (ICMSF 1980). For 
reasons of solubility, taste and low toxicity, the short chain organic acids such as 
acetic, lactic, benzoic, citric, propionic and sorbic acids are most commonly used as 
food preservatives and acidulants (Table 6.1). The choice of a particular organic acid 
depends not only on the inherent characteristics of the organic acid per se (appropriate 
antimicrobial activity, solubility, stability and compatibility of organoleptic properties) 
but also on the microenvironmental and storage conditions of the food (ICMSF 1980).
6.2.3 Acid-Potentiated Ions
The salts of weak mineral acids such as carbonate, sulphite and nitrate are also more 
potent inhibitors at low pH. This is thought to be related to production of uncharged 
species at low pH which are more able to penetrate and acidify the cell (Booth & 
Kroll 1989).
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6.3 Mechanisms of Action of Weak Acids
A microbial cell requires a certain stability of the internal physico-chemical 
environment to function, and has developed systems to counteract fluctuations 
including mechanisms that regulate internal pH. When an undissociated acid 
molecule enters a living cell, it will dissociate as the internal pH is usually higher 
than the acid’s pKa, thereby acidifying the cytoplasm. To maintain internal pH, a 
compensating net transport of protons out of the cell has to take place. Translocation 
of protons across the cell membrane occurs via the primary proton pumps linked to 
electron transport and adenosine triphosphate (ATP) hydrolysis (Fig. 6.1).
Fig. 6.1: The chemiosmotic theory
Inside
(cytoplasm)M em braneO utside
AH
2H
BH,
ADP *
HjO ATP * 2H‘
Diagrammatic representation of a proton-translocating oxidation-reduction loop and 
a proton-translocating ATPase comprising two moieties, F0 in the membrane and Fj 
projecting into the cytoplasm. The extrusion of two protons is coupled to the synthesis 
of one ATP molecule. Note that 2H is equivalent to 2H+ +  2e; A, is a substrate 
(electron donor); B, is an electron acceptor (From Mandelstam et al. 1982).
This mechanism involves the transmembrane current of protons, i.e. proton motive 
force (PMF), which is described by the chemiosmotic theory (Mitchell 1961; 1973).
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Briefly, in respiratory bacteria, protons (hydrogen ions) and hydroxyl ions are 
separated by the cytoplasmic membrane which has a low conductance for these ions. 
Protons on the outside give rise to an acidic pH and the hydroxyl ions, inside the cell, 
give rise to pH near neutrality. The pH gradient and the membrane potential thereby 
created represents an electrochemical potential (PMF) that the cell employs in the 
active transport of nutrients and the generation of ATP via an ATPase which utilises 
that proton potential to drive the phosphorylation of adenosine diphosphate (ADP).
In addition to serving as an energy transmitter for processes such as ATP synthesis, 
transport of solutes and locomotion, the primary proton pumps also participate in the 
control of pHj as they are in direct contact with both the intracellular and extracellular 
pH. The ATPase is a reversible coupling device that can also hydrolyse ATP to 
pump protons in the opposite direction, i.e. out of the cell, if the electrochemical 
gradient is reduced. Therefore the proton donation caused by intruding organic acids 
in a cell can be counteracted by active proton extrusion. However a constant load on 
this system may easily deplete cellular energy and contribute to growth inhibition, 
whether this load is caused by a selective introduction of protons through an 
undissociated acid or less specifically through an increased membrane permeability 
(Eklund 1989).
6.4 Proposed Mechanisms for pH Homeostasis in Microorganisms
Cytoplasmic pH (pHj) is an important aspect of bacterial physiology over which the 
cell exerts tight control since the maintenance of intracellular pH within a narrow 
range is essential for growth. The ability to maintain a constant internal pH level 
varies between bacteria. In many organisms, the pHj varies by <  0.1 units per pH 
unit change in external pH, whereas in others much larger changes in pHj have been 
observed and these organisms are much more sensitive to changes in external pH 
(Booth 1985). The mechanisms of control of pl^ are not yet clear for any group of 
microorganisms and may operate in several ways.
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6.4.1 Impermeability of the Cell Membrane
Regulation of pHj implies control over the permeability of the cell membrane to 
protons. This is achieved by control of the activity of ion transport systems which 
facilitate proton entry. The cell membrane is relatively impermeable to protons, the 
hydrophobic nature of the phospholipid bilayer forming an effective barrier to 
hydrated species. The membrane exerts specific control over ion flux using protein 
complexes inserted into the membrane (Fig. 6.2). As a result, large changes in
Fig. 6.2: Proton movement in cells with respect to pH homeostasis
Carbon
source Acidic; positive
(Leak)
Alkaline; negative
HA
Cytoplasmic
Buffer
Energy
— HA
H+
(A) Proton efflux is driven by chemical energy provided either by ATP or by 
reducing power. (B) In order to achieve net alkalinisation of the cytoplasm a net 
electrogenic flux of either cations into the cell or anions out of the cell must be active 
to dissipate the membrane potential generated by the proton pump. (C) At the steady 
state proton extrusion is balanced by a number of proton entry pathways which carry 
out useful work (e.g. ATP synthesis, transport and motility). (D) A weak acid will 
distribute across the membrane in accordance with the initial transmembrane pH 
gradient. Some of the protons liberated by the weak acid will be expelled by the 
proton pump but, once the capacity for proton extrusion is outstripped, pHj will fall. 
(E) Any compound (e.g. a food preservative) which interferes directly with the 
generation of either ATP or reducing power will limit the capacity of the cell to 
regulate pHj (From Booth & Kroll 1989).
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external pH produce only small changes in internal pH. However on transfer to an 
acidic medium, the pHj may fall initially and then recover, the internal pH being 
measured only after recovery mechanisms of the cell have had time to operate (Booth 
1985). Therefore membranes may be more permeable to protons than indicated by 
pHj measurement. Undissociated lipophilic weak acids which can diffuse freely 
across the cell membrane can overcome this control mechanism.
6.4.2 Cytoplasmic Buffer
A further counter to acidification of the cytoplasm is the buffering capacity provided 
by inter alia the acidic and basic side-chains of the proteins and the phosphate groups 
of the nucleic acids. At pH^  7 the buffering capacity of the cytoplasm in Escherichia 
coli has been measured as 50-100 nmoles H+/pH unit/mg cell protein but at more 
acidic pH, e.g. at pHj 5.5 - 6.0 it was found to increase to 400 nmoles H+/pH 
unit/mg cell protein (Zilberstein et al. 1984; Booth 1985). The buffering capacity is 
finite and can be overcome, for example in the presence of high concentrations of a 
weak acid at low external pH.
The cytoplasm of all bacterial species has similar buffering capacities (Krulwich et 
al. 1985). If this were the only mechanism of compensating for cytoplasmic 
acidification, all bacteria would have similar pH growth ranges. The wide variation 
in the pH at which different bacterial species can grow indicates that this mechanism 
plays little or no role in controlling cytoplasmic pH (Booth 1985).
6.4.3 Metabolic Alteration
High intracellular concentrations of protons can result in the induction of enzymes 
which influence pHj. For example, at an acidic external pH, E. coli produces 
decarboxylases which decarboxylate amino acids to produce basic compounds and 
shift pHi towards neutrality (Booth 1985). The synthesis of enzymes is subject to 
catabolite repression and therefore is unlikely to be a general response to pHj shifts 
imposed by the external pH. Fermentative organisms can switch to other pathways 
which produce less acidic products. For example, Klebsiella aero genes changes from 
acetic acid to butanediol production at neutral pH with the addition of high
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concentrations of acetate. In such organisms, fermentation products are the main 
cause of change in internal pH (Booth 1985).
Slower metabolism at lower temperature would result in reduced capacity to control 
pHi by this mechanism although this might be compensated for by a slower 
fermentative rate. There is little evidence to suggest this mechanism is used in 
controlling pHj.
6.4.4 Cation Antiport with Proton
pH homeostasis may be coupled to transport of potassium and sodium. In this 
system, sodium or potassium ions are exchanged for protons leaving the cell by 
another channel (Fig. 6.2). This mechanism may be used to offset a fall in pHj due 
to acidification (Padan et al. 1981; Booth & Kroll 1983; Booth 1985). No evidence 
has been found for activation or an increase in the number of potassium transport 
proteins following acidification (Booth & Kroll 1989). This mechanism therefore 
seems unlikely to be involved in the control of cytoplasmic acidification.
6.4.5 Active Transport of Hydrogen Ions
Most bacteria possess membrane-bound proton pumps which extrude protons from the 
cytoplasm (Fig. 6.2) in order to generate a transmembrane electrochemical gradient 
of protons, the protonmotive force (PMF) (Mitchell 1973). The recorded values of 
the PMF are around 200 mV in respiring organisms (Kashkett 1985).
At low external pH the passive influx of protons under the influence of PMF could 
be a major problem for cells attempting to regulate their pH^ The high proton 
concentration outside the cell increases the membrane potential. This would be 
increased further by pumping out of protons to reduce cytoplasmic acidification. 
More and more energy would be needed to pump protons against an increasingly 
positive external charge. Such disturbances in membrane potential also affect the 
activity of membrane protons (Sanders & Slayman 1982).
There is therefore a need to balance the membrane potential by influx of cations such
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as potassium ions, to allow proton extrusion to continue. Energy for such proton 
pumps may be provided by ATP via ATPases (Booth 1988; Booth & Kroll 1989) or 
by direct linkage to the respiratory chain (Kobayashi 1985). In the former case, ATP 
levels would be expected to fall at acidic internal pH. Any compound, such as a food 
preservative, which interferes with the generation of ATP or reducing power in 
bacteria, will limit the capacity of the cell to regulate its pH (Booth & Kroll 1989). 
Hence to maintain control of internal pH for long periods, an external energy source 
is required.
6.5 Effect of Acidulants on Psvchrotrophic Growth
Many reports exist on the growth inhibitory effects of acidulants on different 
microorganisms. Studies performed with psychrotrophic bacteria include Listeria 
monocytogenes (Ahamad & Marth 1989; 1990; El-Shenawy & Marth 1989), Yersinia 
enterocolitica (Stem et al. 1980a; Brackett 1986; 1987; Brocklehurst & Lund 1990) 
and Aeromonas hydrophila K144 (Palumbo & Williams 1992). Among the acids 
tested (acetic, lactic, citric, hydrochloric, sulphuric), organic acids were more 
inhibitory to growth than inorganic acids while acetic acid was the most effective of 
the organic acids followed in order by lactic and citric acids. The antibacterial 
activity of these organic acids is related to pH and their degree of undissociation. 
Acetic acid has a higher pKa value than lactic and citric acids (Table 6.1). At any 
given pH below the pKa of acetic acid, a greater proportion of this acid will be 
undissociated compared with the other two acids, contributing to its greater 
effectiveness against bacterial growth.
6.6 Other Targets of Action
Besides the effect on lowering the intracellular pH, weak organic acids have other 
specific growth inhibitory activities. Different subcellular targets can be affected 
including the cell wall, which sorbate has been found to affect. Evidence of a direct 
effect of preservatives on protein synthesis is limited to the action of parabens on 
bacteria. Similarly, only limited knowledge about direct interference with genetic
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material exists, referring to the action of weak acids on fungi and of parabens and 
weak acids on bacteria. There are however numerous references to preservative 
influence on the cell membrane and metabolic enzymes (Eldund 1989). The integrity 
of each component is essential for cell proliferation and destruction of a single target 
therefore ensures bacteriostasis. If more than one of these targets is affected by 
preservative action, it may not be necessary to inhibit each completely, growth 
inhibition may be the result of the combined load on the cell. The precise target 
groups of the weak acid food preservatives remain to be determined.
Acetate is considered to have only limited action of its ’own’, other than its pH- 
reducing capacity. Acetic acid interacts with the cell membrane to neutralise the 
electrochemical potential (Sheu et al. 1972; Freese et al. 1973). It has been shown 
to inhibit amino acid uptake in membrane vesicles of Bacillus subtillus (Sheu et al. 
1975). Denaturation of proteins inside the cells has also been investigated as a 
mechanism of action. Several studies have indicated that the antimicrobial activity 
of citric acid is due to the chelation of divalent metal ions essential for growth (Imai 
et al. 1970; Graham & Lund 1986).
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Chapter 7 The Effect of pH. Acidulant and Sub-Optimal
Temperature on the Intracellular pH of Yersinia
enterocolitica
7.1 Introduction
Previous investigations (Chapters 5 and 6) indicate that Yersinia enterocolitica can 
grow in broth media with pH values as low as 4.2 - 5.2. These studies also indicate 
that the effect of low pH on the growth and survival of Y. enterocolitica varies with 
the acidulant used. Acetic acid was found to have greater antibacterial activity than 
either lactic acid, citric acid or sulphuric acid. The inhibitory effects of these acids 
can be correlated with their dissociation constants or pKa values. In general, weak 
acids having higher pK, values are more inhibitory to Y. enterocolitica, at a given pH, 
than strong acids, at the same pH.
pH homeostasis is the process whereby a cell maintains a relatively constant 
intracellular pH over a broad range of external pH values. Many weak acids, in their 
undissociated form, have the ability to penetrate the cell membrane and accumulate 
within the cell cytoplasm. If the interior of the cell is more alkaline than the pKa of 
the acid, more of the acid will dissociate, releasing a proton and acidifying the 
cytoplasm of the cell. As a defence, many bacteria possess proton pumps or 
proton/cation exchange systems to deal with the influx of protons and to maintain the 
cytoplasmic pH. However, if these pH regulatory systems are unable to function 
sufficiently, i.e. if the proton concentration is too great, then the pH gradient (the 
difference between the intracellular and extracellular pH) will collapse. Intracellular 
acidification will then result in the loss of cell viability or cell destruction.
To determine the difference in the mode of action, at reduced pH, between the 
acidulants on the survival of Y. enterocolitica, the intracellular pH in cells exposed to 
acetic acid or sulphuric acid at 25°C and 4°C was measured by 31P nuclear magnetic 
resonance (NMR) and by radiolabelled weak acid probes.
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7.2 Materials and Methods
Chemicals
Radiolabelled tritiated water ([3H]20) was obtained from Amersham International, pic. 
Labelled [14C] acetylsalicylic acid and [14C] polyethylene glycol were supplied by New 
England Nuclear Research Products (DuPont Co.) and labelled [14C] benzoic acid was 
supplied by Sigma Chemical Co.
Cell Resuspension and Sample Measurement Medium
MgCl2 2.5 mM
KC1 10.0 mM
CaCl2 2.4 mM
MES 100.0 mM
Adjust to pH 6.0 with NaOH 
Glvcerophosphorvlcholine Preparation
L-ce-glycerophosphorylcholine (GPC; Sigma) came as a stock solution (5 mg/ml) in 
absolute methanol which is highly toxic to microbial cells. Methanol was therefore 
evaporated from the solution by blowing nitrogen gas over the surface. An equal 
volume of sterile distilled water was then added to resuspend the GPC.
Calibration of a Standard Titration Curve of Inorganic Phosphate with pH
7.3/il of 85% orthophosphoric acid was added to 5 ml of quarter-strength Ringer’s 
solution (RS) to give an inorganic phosphate (Pj) concentration of 20 mM. A 
dropwise pH titration was performed using a fifty dropper pasteur pipette with NaOH 
(1M) and pH meter to obtain required pH values in the range 2.5 - 8.0 (0.5 pH unit 
intervals). The chemical shifts were measured with respect to the pH-insensitive 
reference resonance of glycerophosphorylcholine (GPC). The GPC chemical shift 
was taken to be 0.49 ppm from 85 % orthophosphoric acid placed at the origin. GPC 
(0.3 mg/ml) was added prior to measurement. 10% deuterium oxide (D20 ; Aldrich
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Chemical Co., Inc.) was also added prior to measurement to lock the magnetic field 
on to its signal. 31P nuclear magnetic resonance (NMR) spectra were measured on 
3 ml samples in glass tubes (10mm diameter) using a Bruker AC300 spectrometer 
operating at 121.5 MHz. Values of Pi resonance (ppm) were plotted against 
respective pH values to obtain a calibration curve (Figs. 7.1-7.2).
Measurement of Intracellular pH bv 31P Nuclear Magnetic Resonance (NMR)
Cells were harvested from cultures (500 ml) grown under various conditions by 
centrifugation (’Coolspin’ General Purpose Refrigerator Centrifuge, MSE Scientific 
Instruments, Fisons, UK) at 4000 r.p.m. at 4°C for 10 minutes. The pellets were 
washed twice in ice-cold resuspension medium and then finally resuspended in this V \  
medium. The resuspension medium used was a buffered salt solution. When the 
dependance of the intracellular conditions on the extracellular pH (5.3 - 3.5) was 
investigated, the 2-(N-morpholino)ethanesulfonicacid (MES) buffer in the suspension 
medium was replaced with tartrate. The pH was adjusted to the external pH value 
by addition of NaOH. The pH of the suspension medium therefore reflected the 
external pH of the harvested cell culture. The cells were resuspended so that the cell 
pellet volume was 40% of the total sample volume. This cell density corresponded 
to approximately 3-5xl0n cfu/ml. The samples were kept on ice until they were 
used. Samples measured at 25°C were warmed to room temperature before 
measurement while samples measured at 4°C were kept on ice. Prior to measurement 
of Pi chemical shifts, GPC (0.3 mg/ml) was added to the samples as an internal 
standard. 10% D20  was also added to each sample to lock the magnetic field. 31P 
NMR spectra were measured on 3 ml samples of cell suspension in glass tubes 
(10mm diameter) using a Bruker AC300 spectrometer operating at 121.5 MHz.
The intracellular pH was determined by calibrating the 31P NMR chemical shifts of 
the intracellular P; resonance (ppm) to pH from the 31P NMR calibration curve.
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Measurement of Cytoplasmic Volume
The intracellular volume of Y. enterocolitica was estimated from the distribution of 3H 
labelled water and 14C labelled polyethylene glycol (PEG) by the methods of 
Rottenberg (1979) and Ita and Hutkins (1991). To measure the total aqueous volume, 
[3H]20  (0.03/zCi//xl) was added to an 8 ml overnight Y. enterocolitica cell suspension, 
of known cell density, at a rate of 20/d per ml of cells. To estimate the extracellular 
aqueous volume, [1,2 -14C] PEG (0.05/iCi//d) was added at a rate of 12/d per ml of 
cells. The cell suspension was then incubated at 25°C for 10 minutes to equilibrate 
the probes. Seven replicate samples (1.0 ml each) were added to 1.5 ml 
microcentrifuge tubes and centrifuged at maximum speed (14,000 r.p.m.) at 4°C for 
1 minute in a microcentrifuge (Eppendorf Centrifuge 5415 C, Anderman, UK). 
Supernatant fluid samples (50/d) were dispensed in scintillation vials containing 4 ml 
of scintillation cocktail fluid (Optiphase ’Safe’, LKB Scintillation Products, UK). The 
remaining supernatant was then removed and the bottom of tubes containing the pellet 
cut off and allowed to fall into separate scintillation vials containing scintillation 
cocktail fluid (4 ml). Vials were counted (in CPM mode) for 10 minutes each in a 
liquid scintillation counter (Rack beta 1216, LKB Wallac, UK) equipped with a dual­
label counting program.
The cytoplasmic volume (V;) was determined from the difference between the total 
pellet aqueous volume and the extracellular aqueous volume and was calculated from 
the following formula:
^  = Vs{(3Hp/3Hs) - (14CP/14CS)}
(/d.mg dry weight of cells)
where Vs is the volume of supernatant sample (/d), 3Hp is the 3H count in the pellet, 
3HS is the 3H count in the supernatant, 14CP is the 14C count in the pellet and 14CS is 
the 14C count in the supernatant.
Cell dry weights were determined from a standard curve relating the optical density
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to the dry weight of cells (Appendix I).
Measurement of Intracellular pH bv Radiolabelled Weak Acid Probes
Intracellular pH determinations were performed using procedures described by 
Rottenberg (1979) and Ita and Hutkins (1991). Cells (7 ml) from each treatment were 
removed and incubated with the radiolabelled weak acid probes, benzoic acid, [7-14C] 
(0.03mCi/ml) or acetylsalicylic acid, [carboxyl-14C] (0.025mCi/ml) at a concentration 
of 8/d per ml of cells for 10 minutes. The latter was used when the external pH was
4.5 or less. Samples (1.0 ml) were added to 1.5 ml microcentrifuge tubes and 
centrifuged at maximum speed (14,000 r.p.m) at 4°C for 1 minute in a 
microcentrifuge. Supernatant and pellet samples were dispensed as described for 
measurement of intracellular volume (Vj) and counted (in CPM mode) for 1 minute 
each in a liquid scintillation counter (Wallac 1210, LKB Wallac, UK) using the 14C- 
label ’easy-count’ program.
Intracellular concentrations of benzoic or acetylsalicylic acids were determined by 
dividing the pellet radioactivity (in CPM) by From the distribution ratio 
([in]/[out]) of the [14C] weak acid probes and their pKa values (benzoic acid =  4.19, 
acetylsalicylic acid = 3.48), the internal pH (pHj) was calculated from the following 
formula:
p H  ~ l o g [  t o t a l  a c i d  c o n c e n t r a t i o n  i n s  (1 Q P jca + 1Q PH e x t) _10pk*]
1 t o t a l  a c i d  c o n c e n t r a t i o n  o u t
Determination of the Effect of pH and Acidulant on the Intracellular pH of 
Yersinia enterocolitica at 25°C and 4°C
TSB (500 ml) was inoculated (1 ml) with an overnight culture of Y. enterocolitica 
serotype 0:3. The cells were grown for 18 hours at 25°C or 6 days at 4°C to late 
exponential phase. Cell viability was enumerated by the spread plate technique. The 
pH of the media was then adjusted to pH 5.3, 5.0, 4.5, 4.0 or 3.5 by addition of the
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appropriate amount of acid and incubated at 25°C or 4°C. The acidulants used were 
acetic acid and sulphuric acid. After 6 and 24 hours, samples were aseptically 
removed to enumerate cell viability by the spread plate technique, to measure the pH 
of the medium (pHext) by using a pH meter and to determine the intracellular pH (pHj) 
by 31P NMR or by radiolabelled weak acid probes. All tests were performed in 
duplicate with controls (i.e. unacidified cell cultures) included in all experiments.
7.3 Results and Discussion
7.3.1 Determination of the Effect of pH and Acidulant on the Intracellular pH 
of Yersinia enterocolitica serotype 0:3 at 25°C and 4°C bv 31P Nuclear 
Magnetic Resonance (NMR)
31P nuclear magnetic resonance (NMR) was chosen initially in preference to 
radiolabelled weak acid probes to determine pH; in Y. enterocolitica as it is 
noninvasive to cells and does not involve handling radioactive chemicals. The 
measurement of pH with 31P NMR is based on the chemical shift of inorganic 
phosphate (Pj) resonance (ppm) relative to a suitable standard. The first step in pH 
measurements is the calibration of the NMR system. This was done by determining 
the chemical shift of P; as a function of pH for a set of suitable samples covering the 
range of interest (Figs. 7.1-7.2). The titration medium closely resembled the 
intracellular ionic environment to ensure accuracy of the chemical shift of P{ 
determined in vivo (ppm) to the pH to which it corresponds. Quarter-strength 
Ringer’s solution (RS) supplemented with 20 mM phosphate was found to be suitable 
as the titration medium. For accurate calibration, standard titration curves were 
determined at each temperature, 25°C and 4°C, that sample measurements were taken 
(Fig. 7.1-7.2). This is because the dissociation constant (pKJ is temperature 
dependent.
The 31P spectrum of intact Y. enterocolitica cells in late-exponential phase is shown 
in Figure 7.3. The chemical shift of Pj (peak 2) was measured with respect to the 
pH-insensitive internal standard, GPC (peak 1). As pHcxt decreased the P; peak
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Fig. 7.1: Calibration curve of pH to the chemical shift of inorganic phosphate 
(Pi) at 25°C
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.2: Calibration curve of pH to the chemical shift of inorganic phosphate 
(Pi) at 4°C
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Fig. 7.3:3IP spectrum of Yersinia enterocolitica serotype 0:3 cells in tryptone soya
broth (pHcxt7) at 25°C
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shifted downwards with respect to the GPC peak. The intracellular pH at each 
temperature was determined by calibrating the 31P NMR chemical shifts of the 
intracellular Pj resonance (ppm) to pH from the appropriate 31P NMR calibration 
curve (Figs. 7.1-7.2).
The pHext range studied was 5.3 - 3.5 which was inhibitory to growth. The effect of 
acetic acid and sulphuric acid on the pH; of late-exponential cells of Y. enterocolitica 
at 25°C and at 4°C is shown in Figures 7.4(a-b)-7.5(a-b). As the external pH (pHcxt) 
was lowered by the addition of acid, pH; was also found to decrease. The cytoplasm 
of Y.enterocolitica cells was always less acidic than the external medium. This has 
also been observed in Escherichia coli cells when pH; was measured by 31P NMR
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Fig. 7.4: Effect of pHext on pH; and pH gradient in Yersinia enterocolitica serotype
0:3 cells in tryptone soya broth acidified with acetic acid at 25°C and
4°C as determined by 31P NMR
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Fig. 7.5: Effect of pHext on pH and pH gradient in Yersinia enterocolitica serotype
0:3 cells in tryptone soya broth acidified with sulphuric acid at 25°C and
4°C as determined by 3IP NMR
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(Navon et al. 1977; Ugurbil et al. 1978; Slonczewski et al. 1982). At 25°C as the 
pHext decreased from 5.0 to 4.5, the pH; decreased from 6.7 to 6.2 with 
Y.enterocolitica cells acidified with acetic acid and from 6.5 to 6.2 when sulphuric 
acid was used as acidulant (Figs. 7.4a & 7.5a). At 4°C as the pHext decreased from
5.5 to 4.5, the pHj decreased from 7 to 6.5 with both acidulants (Figs. 7.4b & 7.5b). 
However after an initial drop in pHi in Y.enterocolitica cells acidified from pHext 5.5 
to 4.5 there was no further decrease in pHj at 25°C when pHext was lowered to 3.5. 
A slight decrease in pH; was observed at 4°C from pHext 4.5 to 3.5, by 0.17 and 0.1 
pH units in cells acidified with acetic acid and sulphuric acid respectively.
The difference between pHext and pH; (the pH gradient) increased with decreasing 
pHext (Figs. 7.4-7.5). In cells acidified with acetic acid after 24 hours, the pH 
gradient increased from 1.67 to 2.61 at 25°C (Fig. 7.4a) and from 1.56 to 2.74 at 4°C 
(Fig. 7.4b). When sulphuric acid was the acidulant over this pHext range, the pH 
gradient was also found to increase by a similar amount at both 25°C and 4°C (Figs. 
7.5a-b), 1.52 to 2.70 and 1.40 to 2.82 respectively. These pH gradients observed in 
Y.enterocolitica were much larger than those found in other bacteria, for example Ita 
& Hutkins (1991) reported a pH gradient of 1.0 to 1.5 in Listeria monocytogenes 
cells acidified with lactic acid from pHext 6.0 to 3.5, while Foster & Hall (1991) 
observed a pH gradient of 0.3 to 1.8 in Salmonella typhimurium cells acidified with 
hydrochloric acid (HC1) at pHext 7.5 to 4.0.
There was no significant difference, calculated using the f-test, between the pHj at 
different pHext for the two different acidulants or between the incubation temperature 
(p » 0.1). Concomitantly there was also no significant difference between the pH 
gradient at different pHext for the different acidulants or between the incubation 
temperature used (p » 0.1).
The effect of the two different acids, at 25°C and at 4°C, on viability of 
Y.enterocolitica after 24 hours at each pHext is shown in Figures 7.6(a-b). At 25°C 
the viable cell population declined faster below pHext 4.5 when acidified with acetic 
acid than when sulphuric acid was the acidulant. From pHext 4.5 to 3.5 there was >
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Fig. 7.6: Effect of pHext on Yersinia enterocolitica serotype 0:3 cell viability in
acidified tryptone soya broth at 25°C and 4°C after 24 hours. 1; lower
limit of counting method
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6.0 log decrease in viable cell numbers with acetic acid compared with a 3.4 log 
decrease with those acidified with sulphuric acid. Survival of Y.enterocolitica was 
found to be greater at 4°C than at 25°C, presumably this is due to a slower metabolic 
rate at the lower temperature. Only a small reduction in the number of 
Y.enterocolitica was observed above a pHext of 4.0 with both acids at 4°C. Below this 
pHext a decline in the viable population occurred, the rate of death was greater when 
acetic acid rather than sulphuric acid was present as acidulant. For example, after 
24 hours incubation at pHext 3.5 there was a > 7.26 log decrease in viable cell 
numbers with cells treated with acetic acid compared to a 2 log decrease with 
sulphuric acid.
The results indicate that a lower pHj was not the most important determinant of 
Y.enterocolitica death at low pH, cells treated at pHext values as low as 3.5 maintained 
a cytoplasmic pH near 6.2. Survival was however affected, based on recovery on 
NA plates. Greater death occurred at pHj 6.2 with cells acidified with acetic acid 
than with sulphuric acid.
In other pHi determination studies performed with bacteria at acidic pH^, pHj was 
shown to decrease linearly with decreasing pHext (Poolman et al. 1987; Russell 1987; 
1991; Kaback 1990; Ita & Hutkins 1991). Consequently the pH gradients in these 
bacteria were lower than those found in Y.enterocolitica where there was no decrease 
in pH; below pHext 4.5. However pHj was determined by a different method, using 
the distribution of radiolabelled weak acid probes, in these other studies. To establish 
whether the invariant pH* of 6.2 in Y.enterocolitica cells below pHext 4.5 is a true 
observation or an artifact of this method, the pHj was further determined by a 
different method using radiolabelled weak acid probes.
162
7.3.2 Determination of the Effect of pH and Acidulant on the Intracellular pH
of Yersinia enterocolitica serotype 0:3 at 25°C and 4°C bv Radiolabelled 
Weak Acid Probes
For accurate calculation of pHi5 the cytoplasmic volume (V j) was determined at each 
temperature, 25°C and 4°C, that sample measurements were taken. Vj was 
determined on three replicate cultures at each temperature and each determination was 
repeated 7 times. Therefore the overall average of 21 measurements was used to 
calculate Vj at each temperature.
At 25°C, the average Vj for Y.enterocolitica serotype 0:3 was determined to be 2.94 
±  0.16/d cell volume per mg dry weight of cells and at 4°C, 2.90 ±  0.16/xl cell 
volume per mg dry weight of cells. There was no significant difference in the Vj 
values determined at the two different temperatures, therefore the average value of 
2.92/d cell volume per mg dry weight of cells was used to calculate pHj. The Vj 
value of Y.enterocolitica is similar to other Vj values found in other bacteria, for 
example Ita & Hutkins (1991) reported a Vj of 2 .97+0.ll/d  cell volume per mg dry 
weight of cells for L.monocytogenes and Winkler & Wilson (1966) reported a Vj of 
2.70/d cell volume per mg dry weight of cells for E.coli.
The effect of acetic acid and sulphuric acid on the pHj of late-exponential cells of 
Y.enterocolitica serotype 0:3 at 25°C and at 4°C is shown in Figures 7.7(a-b)-7.8(a- 
b). As the external pH (pHext) was lowered by the addition of acid, there was a linear 
decrease in pHj as shown by the correlation coefficients (Table 7.1). This 
relationship between an acidified medium and pHj has also been observed in a number 
of different bacteria; Bacteroides succinogenes (Russell 1987), the acid-tolerant 
ruminal bacteria, Bacteroides ruminicola Bj4, Selenomonas ruminantinum HD4, 
Streptococcus bovis JB1, Megasphaera elsdenii B159, and strain F (Russell 1991), 
E.coli (Kaback 1990) and Lactococcus cremoris (Poolman et al. 1987). The 
cytoplasm of Y.enterocolitica cells was always less acidic than the extracellular pH. 
This has also been observed in other bacteria (Poolman et al. 1987; Russell 1987; 
1991; Kaback 1990; Foster & Hall 1991; Ita & Hutkins 1991).
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Fig. 7.7: Effect of pHext on pH; and pH gradient in Yersinia enterocolitica serotype
0:3 cells in tryptone soya broth acidified with acetic acid at 25°C and
4°C as determined by radiolabelled weak acid probes
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Fig. 7.8: Effect of pHcxt on pH; and pH gradient in Yersinia enterocolitica serotype
0:3 cells in tryptone soya broth acidified with sulphuric acid at 25°C and
4°C as determined by radiolabelled weak acid probes
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Table 7.1: Relationship between medium pH (pHcxt) and intracellular pH (pH) 
in Yersinia enterocolitica serotype 0:3 cells
Acid Time (hours) r
Temperature (°C)
25 4
Acetic 6 0.9949 0.9961
24 0.9975 0.9904
Sulphuric 6 0.9993 0.9842
24 0.9995 0.9981
The difference between pHext and pH  (the pH gradient) increased with decreasing 
pHext (Figs. 7.7-7.8). In cells acidified with acetic acid after 24 hours, the pH 
gradient increased from 1.06 to 1.41 at 25°C (Fig. 7.7a) and from 1.08 to 1.48 at 4°C 
(Fig. 7.7b) as the pHext decreased from 5.5 to 3.5. When sulphuric acid was the 
acidulant, the pH gradient was also found to increase by a similar amount at 25°C and 
at 4°C over this pHext range, 1.00 to 1.45 and 0.97 to 1.50 respectively (Figs. 7.8a- 
b). This is in accord with other studies of pH in bacteria at acidic pHext values. Ita 
& Hutkins (1991) found that L.monocytogenes cells acidified with lactic acid from 
pHext 6.0 to 3.5 developed and maintained a pH gradient of 1.0 to 1.5 pH units 
greater than the pHext. Foster & Hall (1991) found a pH gradient of 0.3 to 1.8 in 
S.typhimurium cells treated with HC1 at pHext 7.5 to 4.0.
There was no significant difference, calculated using the r-test, between the pH  at 
different pHext for the two different acidulants or between the incubation temperature 
(p » 0.1). Concomitantly there was also no significant difference between the pH 
gradient at different pHcxt for the different acidulants or between the incubation 
temperature (p » 0.1).
There was good correlation between the two different methods employed to determine 
pH  in Y.enterocolitica cells over the pHext range of 5.5 to 4.5. However below pHext
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4.5, the pHj values determined by the two different methods differed. pH; remained 
at 6.2 with the 31P NMR method while a linear decrease in pH; with decreasing pHext 
was observed with the radiolabelled weak acid probe distribution method. The latter 
method however produced results that were in accord with studies for other bacteria 
(Foster & Hall 1991; Ita & Hutkins 1991).
High resolution 31P NMR has been employed successfully for measurement of pHj in 
bacteria at pHcxt near neutrality (Navon et al. 1977; Ogawa et al. 1978; Slonczewski 
et al. 1982). Studies at acidic pH have been reported in yeast (Salhany et al. 1975) 
and in phytoplankton (Kugel et al. 1990) but not in bacteria using this method. In 
Saccharomyces cerevisiae, pH, was found to decrease from 6.8 to 5.8 over a pHext 
range of 9.1 to 3.5 (Salhany et al. 1975). Kugel et al. (1990) found that pH, 
decreased from 7.5 to 6.0 in Platymonas subcordiformis cells when pHext was lowered 
from 5.3 to 3.8.
The chemical shift of P; below pHext 5.5 is nearly insensitive to pH (Figs. 7.1-7.2). 
This was also reported by Kugel et al. (1990) and may explain the inaccuracy of pH, 
values determined by 31P NMR below pHext 4.5. Greater reliance should therefore 
be placed on pH; results obtained with the radiolabelled weak acid probe method at 
reduced pHext.
The effect of the two acids, at 25°C and at 4°C, on viability of Y.enterocolitica 
serotype 0:3 held for 6 hours and 24 hours at each pH is shown in Figures 7.9(a-b). 
Only small reductions in the number of Y.enterocolitica were observed above a pHext 
of 4.5 at 25°C and a pHext of 4.0 at 4°C during these incubation periods for each of 
the acidulants used. Below these pHext values a rapid decline in viable cell numbers 
was found, greater reductions occurring with acetic acid than with sulphuric acid and 
at the higher incubation temperature (25°C). For example, after 24 hours incubation 
with acetic acid at pHext 4.0 and 25°C, there was a > 7.2 log reduction in 
Y.enterocolitica viable cell numbers compared with a 4.1 viable log cell reduction 
when sulphuric acid was used as acidulant.
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Fig. 7.9: Effect of pHext on Yersinia enterocolitica serotype 0:3 cell viability in
acidified tryptone soya broth at 25°C and 4°C after 6 and 24 hours. I ;
lower limit of counting method
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A protective effect was observed at the lower temperature, 4°C, survival of 
Y.enterocolitica with both acidulants being greater than at 25°C (Figs. 7.9a-b). A 
rapid decline in cell numbers occurred below pHext 4.0 at 4°C compared with a rapid 
decline below pHext 4.5 at 25°C. Presumably this is due to a slower metabolic rate 
at the lower temperature. Death rate of Y.enterocolitica was greater when acidified 
with acetic acid at 4°C than when sulphuric acid was used (Figs. 7.9a-b). For 
example, after 24hours incubation at pHext 3.5 there was a > 8.0 log decrease in 
viable cell numbers with cells treated with acetic acid compared to a 2.0 log decrease 
when sulphuric acid was used as the acidulant. These results confirm those observed 
when viability was determined during pH{ determination by 31P NMR.
The pHext values where rapid cell death starts corresponded to a higher pH; value at 
both temperatures (Table 7.2). At 25°C, rapid cell death was observed below pHj 5.5 
-5 .8 , depending on the acidulant. At the lower temperature, 4°C, the threshold pHj 
was slightly lower, 5.1 - 5.3. There was no significant difference, using the r-test, 
in the pH; value at which rapid cell death occurred between the two acidulants used 
(p » 0.1). The mean value of the lethal threshold pHj at 25°C and 4°C was therefore
5.6 and 5.2 respectively. Foster & Hall (1991) also found that S.typhimurium cells 
rapidly lost viability below a pHi of 5.5 to 5.0.
Table 7.2: pHext and pHj values which correspond to a rapid decline in the viable 
cell population of Yersinia enterocolitica serotype 0:3
Acid Temperature
(°C)
Sample time (hours)
6 24
pHext pH, PHext pHj
Acetic 25 4.48 5.51 4.56 5.75
4 3.98 5.17 3.91 5.13
Sulphuric 25 4.54 5.72 4.59 5.79
4 3.99 5.18 4.00 5.28
*, pH at which a rapid decline in the viable cell population was observed
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The results indicate that a lower pH; was not the most important determinant of 
Y.enterocolitica death at low pHcxt. Greater lethality was observed with acetate than 
with sulphuric at the same threshold pHj value (Figs. 7.9a-b). Therefore, neither the 
medium pH nor the intracellular pH were the determining factor causing death of 
Y.enterocolitica.
It has been established that undissociated and uncharged weak lipophilic acids, such 
as acetic acid, are permeable through the cell membrane (Baird-Parker 1980). In 
contrast, strong mineral acids such as sulphuric acid are unable to diffuse passively 
across the membrane. Weak organic acids will therefore accumulate inside the cells 
according to the pHext and their pKa value and would therefore be expected to have 
a greater capacity to acidify the cytoplasm. Since pHi was maintained at the same 
level with the two different acidulants, acetate must be imposing an extra burden on 
the cell to control pHj. Mechanisms involved in pH homeostasis require energy; a 
constant load on the system produced by pumping out protons donated by the 
undissociated acid, will deplete cellular energy and contribute to the slowing of 
growth and cell death. The greater lethal effect of acetate observed here may 
therefore be interpreted in terms of this greater burden placed on the cells. Specific 
inhibitory effects of the undissociated acid and its anion within the cell may also 
contribute. Salmond et al. (1984) suggested that weak acids inhibit bacteria via a 
generalised intracellular acidification and by a specific effect of the undissociated acid 
on metabolic activites. They considered the latter mechanism to be the more potent 
in inhibiting their test organism, E.coli.
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Chapter 8 The Effect of pH. Acidulant and Sub-Optimal
Temperature on Metabolic Activities in Yersinia
enterocolitica
8.1 Introduction
As discussed previously, pH homeostasis is the process whereby a cell maintains a 
relatively constant intracellular pH (pHj) over a broad range of external pH values. 
The basis for this phenomenon is the apparent modulation of primary cellular proton 
pumps as well as potassium/proton and sodium/proton antiport systems (Booth 1985). 
Under adverse conditions, e.g. at acid external pH values, the energy yielding 
processes (adenosine triphosphatases; ATPases) situated in the cell membrane may be 
reversed and used to pump protons out from the cell interior, so that metabolic 
reactions can proceed under favourable (neutral) conditions. However a constant load 
on this system may deplete cellular energy and contribute to growth inhibition. To 
determine the involvement of ATPases in the control of cytoplasmic acidification in 
Yersinia enterocolitica, the effect of an ATPase inhibitor with different acidulants on 
the maximum growth inhibitory pH (MIpH) of this organism at 25°C and 4°C was 
investigated.
Inhibition of Y.enterocolitica by acidulants is caused not by a decrease in the 
intracellular pH, per se, but rather by specific effects of the undissociated species on 
metabolic or other physiological activities as shown in Chapter 7. Correlations made 
between measured pHi and survival of Y.enterocolitica indicated the pHj at which 
viability declines for different acidulants and temperature. Kashkett (1987) suggested 
that the cytoplasmic pH is the relevant pH which ultimately effects the cell’s 
metabolic activities. Protein denaturation was investigated as one possible mode of 
action this lethal pH; may have on cell metabolism. Foster & Hall (1991) have shown 
that the activity of the enzyme, B-galactosidase, can be used to monitor pHj-induced 
protein damage.
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8.2 Materials and Methods
N-N^icvclohexvlcarbodiimide Preparation
To prepare N-NMicyclohexylcarbodiimide (DCCD; Sigma Chemical Co.) solutions 
of 2 mg/ml and 4 mg/ml in tryptone soya broth (TSB; 10 ml), 20 or 40 mgs DCCD 
were dissolved in 10/d of absolute ethanol (Przybylski & Witter 1979). This gave a 
final ethanol concentration of 0.1% in TSB (10 ml) which is non-toxic to bacterial 
cells. Dissolved DCCD was then added to TSB. Fresh preparations were always 
used as DCCD decomposes in water.
Determination of the Effect of pH and Acidulant on ATPase Activity in Yersinia 
enterocolitica at 25°C and 4°C
DCCD is a specific and reversible inhibitor of bacterial and mitochondrial ATPases. 
This inhibitor prevents proton translocation in bacteria thereby inhibiting the synthesis 
of adenosine triphosphate (ATP).
To double strength (ds) TSB (5 ml) and DCCD (0, 2 or 4 mg/ml) acidulant was 
added to give required pH levels. The volume was made up to 10 ml with sterile 
distilled water. The pH range was 1 pH unit, with 0.1 pH unit intervals, covering 
above and below the previously determined maximum growth inhibitory pH (MIpH) 
value (Chapter 5) for the appropriate acids used. Prepared tubes were inoculated 
(50/d) with an overnight culture of Y.enterocolitica serotype 0:3 to give 
approximately 2xl06 cfu/ml and incubated at 25°C for 7 days or 4°C for 21 days. 
Growth was measured periodically by measuring absorbance at 600nm. All 
experiments were performed in triplicate.
0.1M Phosphate Buffer. pH 7.0
Mix equimolar solutions of: Na2HP04 61 ml
NaH2P04 39 ml
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Z Buffer
Na2HPO4.7H20
NaH2PO4.H20
KC1
MgS04.7H20
16.1g/L
5.5g/L
0.75g/L
0.246g/L
fi-mercaptoethanol 2.7 ml/L 
Do not autoclave! Adjust pH to 7.0.
Induction of fi-Galactosidase
Y.enterocolitica cells were grown overnight in TSB (10 ml) supplemented with 10"3M 
isopropyl-B-D-thiogalactopyranoside (IPTG; Sigma Chemical Co.), an inducer of fi- 
galactosidase.
fi-Galactosidase Assay
fi-Galactosidase is an enzyme which hydrolyses fi-D-galactosides. It can be easily 
measured by chromogenic substrates; colourless substrates which are hydrolysed to 
yield coloured products. For example, o-nitrophenyl-fi-D-galactoside (ONPG) is 
colourless but in the presence of fi-galactosidase it is converted to galactose and o- 
nitrophenol. The o-nitrophenol is yellow and can be measured by its absorption at 
420nm. If the ONPG concentration is high enough, the amount of o-nitrophenol 
produced is proportional to the amount of enzyme present and to the time the enzyme 
reacts with the ONPG. fi-galactosidase was assayed by the method of Miller (1972).
A sample (1.0 ml) was withdrawn to record cell density by measuring the absorbance 
at 600nm. Aliquots (0.5 ml) of the cultures were immediately added to Z buffer (0.5 
ml), the assay medium. The final volume should always be 1.0 ml. 2 drops of 
chloroform and 1 drop of 0.1% lauryl sulphate (SDS; Sigma Chemical Co.) solution 
were added to each ml of assay mix. The tubes were then vortexed for 10 seconds. 
With this step cells are opened by disrupting the cell membrane, allowing small 
molecules such as o-nitrophenyl-fi-D-galactoside (ONPG; Sigma Chemical Co.) to 
diffuse freely into the cell. The tubes were placed in a water bath at 28°C for 5
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minutes. The reaction was started by adding 0.2 ml of ONPG (4 mg/ml in 0.1M 
phosphate buffer, pH 7.0) to each tube and shaking for a few seconds. The time of 
the reaction was recorded with a stop watch. When sufficient yellow colour had 
developed the reaction was stopped by adding 0.5 ml of 1M Na2C03 solution, which 
shifts the pH to 11. At this pH fi-galactosidase is inactive.
The optical density at both 420nm and 550nm was recorded for each tube. The 
reading at 420nm is a combination of absorbance by the o-nitrophenol and light 
scattering by the cell debris. This latter component was corrected for by obtaining 
the absorbance at another wavelength (550nm) at which there is only light scattering 
(no contribution from o-nitrophenol). The light scattering at 420nm is proportional 
to that at 550nm. For Escherichia coli the OD420 (light scattering) = 1.75 x OD550. 
This correction factor was used to compensate for the light scattering and to calculate 
the true absorbance of the o-nitrophenol. The following formula was used to 
calculate the units of fi-galactosidase:
O D . 7Q -  1 . 7  5  x  O D c c-o
U n i t s  =  1 0 0 0  x  -------£22-------------------------------- 550
t  x v  x  O D 6 0 0
where OD420 and OD550 are read from the reaction mixture, OD600 reflects the cell 
density just before assay, t is the time of the reaction in minutes and v is the volume 
(ml) of culture used in the assay.
These units are proportional to the increase in o-nitrophenol per minute per 
bacterium. They are convenient because a fully induced culture grown on glucose 
has approximately 1000 units, and an uninduced culture approximately 1 unit.
Determination of the Effect of pH and Acidulant on fi-Galactosidase Activity in 
Yersinia enterocolitica at 25°C and 4°C
Y.enterocolitica serotype 0:3 cells constitutively synthesising fi-galactosidase in TSB
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(10 ml) were grown for 18-20 hours at 25°C or 6 days at 4°C. The pH of the media 
was then adjusted to growth inhibitory pH values in the range 5.5 - 3.5 by the 
addition of the appropriate acid. The amount of acid to add to obtain a growth 
inhibitory pH value was determined by a dropwise pH titration of acid with a fifty 
dropper pasteur pipette and measurement with a pH meter. The appropriate amount 
of acid was then added aseptically to test cultures and incubated at 25°C or 4°C. 
After 5, 45 and 90 minutes samples were removed to enumerate cell viability by the 
spread plate technique, to measure OD600 and to measure 13-galactosidase activity. 
Prior to performing the b-galactosidase assay, the pH of the sample taken was 
readjusted to pH 7.0. All tests were performed in duplicate with controls (i.e. no 
acid added) included in all experiments.
8.3 Results and Discussion
8.3.1 Determination of the Effect of N-I^Dicvclohexvlcarbodiimide (DCCD) and 
Acidulant on the Maximum Growth Inhibitory pH (MIpH) in Yersinia 
enterocolitica serotype 0:3 at 25°C and at 4°C
The effect of N-NMicyclohexylcarbodiimide (DCCD) with acetic acid and sulphuric 
acid on the maximum growth inhibitory pH (MIpH) in Y.enterocolitica at 25°C and 
at 4°C is shown in Table 8.1. The presence of DCCD did not alter the MIpH at 
either 25°C or at 4°C when sulphuric acid was used as acidulant. However the time 
for growth down to MIpH took longer with DCCD present, by 1 day at 25°C with 
both 2 and 4 mg/ml DCCD (Fig. 8.1a) and by 10 and 13 days at 4°C with 2 and 4 
mg/ml DCCD respectively (Fig. 8.1b). The MIpH at both temperatures when acetic 
acid was used as the acidulant was affected by DCCD (Table 8.1). At both 25°C and 
4°C the MIpH was increased by 0.2 pH units.
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Table 8.1: Maximum inhibitory pH levels for growth of Yersinia enterocolitica 
serotype 0:3 in the presence of N-NMicyclohexylcarbodiimide
Acid Temperature
(°C)
MIpH
DCCD (mg/mi;
0 2 4
Acetic 25 5.1 5.3 5.3
4 5.3 5.5 5.5
Sulphuric 25 4.1 4.1 4.1
4 4.6 4.6 4.6
MIpH, Maximum growth inhibitory pH; DCCD, N-NMicyclohexylcarbodiimide
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Fig. 8.1: Effect of N-I^dicyclohexylcarbodiimide (DCCD) and acidulant (S, 
sulphuric acid; A, acetic acid) on time for growth down to the 
maximum growth inhibitory pH (MIpH) in Yersinia enterocolitica 
serotype 0:3 at 25°C and 4°C.
(a) 2 5 ° C
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1
O
4.6 5.1 5.3 5.54.1
MIpH
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The results indicate that inhibition of ATPase activity reduced pH tolerance and 
growth rate in Y.enterocolitica with both acids. This effect was found to be greater 
in cells acidified with acetic acid than those with sulphuric acid at both 25°C and 4°C. 
Under adverse conditions, i.e. at acid external pH values, the inhibition of ATPase 
activity would lead to a reduction in the rate at which energy can be made available 
for maintenance of the cell’s integrity. As a result pH tolerance and growth rate 
would be affected because the interior of the cell is acidified more easily than when 
ATPases are fully functional. This effect was shown to be greater in cells acidified 
with acetic acid and may reflect this acid’s different mode of action to that of 
sulphuric acid. Undissociated lipophilic weak acids, such as acetic acid, can permeate 
through the cell membrane causing uncontrolled leakage of protons to the cell 
interior, acidifying the cytoplasm and inhibiting metabolism and transport. Strong 
inorganic acids, such as sulphuric acid, are not permeant through the cell membrane 
and therefore do not affect the cytoplasmic pH (pHj) to the same extent. Mechanisms 
used to control pH; will draw on the cell’s energy, leading to reduced growth rate and 
inhibition if energy requirements exceed supply. A greater amount of energy was 
therefore required to maintain pH homeostasis in cells treated with acetic acid than 
with sulphuric acid.
These results suggest that ATPases are involved in the control of cytoplasmic 
acidification. Proton-translocating ATPase activity from other organisms, such as 
Streptococcus faecalis, has been shown to increase in response to a decrease in 
cytoplasmic pH (Kobayashi et al. 1984) which also suggests a role in the control of 
pH homeostasis.
8.3.2 Determination of the Effect of pH and Acidulant on fl-Galactosidase 
Activity in Yersinia enterocolitica serotvne 0:3 at 25°C and 4°C
The effect of acetic acid and sulphuric acid, with reduced pH, on 13-galactosidase 
activity in Y.enterocolitica at 25°C and at 4°C is shown in Figures 8.2-8.5. Survival, 
based on viable counts, in the same culture is also presented in Figures 8.2-8.5. Both 
B-galactosidase activity and viability were found to decrease as the medium pH (pH^)
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Fig. 8.2 Correlation between viability and the measurement of acid-damaged 
protein in Yersinia enterocolitica serotype 0:3 in tryptone soya broth 
acidified with acetic acid at 25°C. Time of exposure to acid pH; 0, 5, 
45 and 90 minutes.
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Fig. 8.3 Correlation between viability and the measurement of acid-damaged 
protein in Yersinia enterocolitica serotype 0:3 in tryptone soya broth 
acidified with acetic acid at 4°C. Time of exposure to acid pH; 0, 5, 
45 and 90 minutes.
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Fig. 8.4 Correlation between viability and the measurement of acid-damaged 
protein in Yersinia enterocolitica serotype 0:3 in tryptone soya broth 
acidified with sulphuric acid at 25°C. Time of exposure to acid pH; 0, 
5, 45 and 90 minutes.
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Fig. 8.5 Correlation between viability and the measurement of acid-damaged 
protein in Yersinia enterocolitica serotype 0:3 in tryptone soya broth 
acidified with sulphuric acid at 4°C. Time of exposure to acid pH; 0, 
5, 45 and 90 minutes.
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was lowered from 5.3 to 3.5 over a 90 minute exposure period. This decrease in 
enzyme activity and loss of viability was greater in cells acidified with acetic acid 
than those acidified with sulphuric acid and at the higher incubation temperature, 
25°C.
fl-galactosidase activity can be used to monitor pHr induced protein damage. This 
enzyme begins to denature, in vitro, between pH 5.5 and 5.0 (Foster & Hall 1991). 
pH-induced protein damage in Y.enterocolitica was shown to correlate with the 
greater loss of viability (Figs. 8.2-8.5). Y.enterocolitica cells acidified with acetic 
acid, compared with those acidified with sulphuric acid at both 25°C and 4°C, 
succumbed more quickly to the deleterious effects of acid pH as shown by the more 
rapid loss of B-galactosidase activity.
Correlations made between measured pHj and viability in Chapter 7 indicated the pH; 
values at which viability starts to decline, pHi 5.6 at 25°C and pH} 5.2 at 4°C. As the 
pHcxt decreased below 4.5 (pH; 5.6) at 25°C (Figs. 8.2 & 8.4) and below 4 (pH; 5.2) 
at 4°C (Figs. 8.3 & 8.5), the rate of fl-galactosidase activity was also greatly reduced. 
Reduced rates of acid-damage at 4°C and the lower pH; required are the results of 
slower denaturation rates of essential cellular proteins at reduced temperature 
(Steinhardt & Zaiser 1955).
These observations support other studies on the effect of acid on protein denaturation. 
Foster & Hall (1991) reported that as the pHj decreased below 5.5, B-galactosidase 
activity began to be irreversibly destroyed in Salmonella typhimurium cells acidified 
with hydrochloric acid (HC1). Reynolds (1975) found that exposure of E.coli 
suspensions to increasing concentrations of acetic acid caused increased protein 
denaturation measured by an increase in suspension optical density at 540nm and a 
decrease in lactate dehydrogenase activity of cell-free extracts from treated 
suspensions.
Acid-damage causing loss of viability occurred at the same pHj level with the two 
different acidulants but a more rapid loss of B-galactosidase activity and viability was
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found in cells treated with acetic acid. Clearly this is not simply a pHj effect which 
is the same in both cases. It may reflect the greater energy demand for pH; 
homeostasis with acetate. As previously discussed, mechanisms to maintain 
cytoplasmic pH will draw on the cell’s energy. The proton donation produced by 
intruding weak acids, such as acetic acid, can be counteracted by active proton 
extrusion. However cellular energy will be depleted at a faster rate if there is a 
constant load on this system. Less energy will therefore be available for other 
essential cell functions, for example in the turnover and/or repair of enzymes, and 
cell viability will be consequently affected. The greater lethality of acetic acid may 
also be interpreted in terms of specific inhibitory effects of the undissociated acid and 
its anion on metabolic activities within the cell (Salmond et al. 1984; Booth 1985). 
Also the presence of the acetate anion may alter the ionic strength inside the cell 
which may effect important cellular functions, such as enzyme activity.
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Chapter 9 Summary and Conclusions
Yersinia enterocolitica is a psychrotrophic foodbome pathogen which has been shown 
to grow and/or survive in acidic environments. Chilled foods frequently depend upon 
reduced pH in addition to low temperature as a determining factor of shelf-life and 
safety. Although considerable information is available about the maximum 
concentrations of acids required to prevent growth, there are no published reports on 
the effects of pH and acidulant on either the growth or death rate of Y.enterocolitica. 
These were therefore studied and modelled with the view to predicting the shelf-life 
and safety of foods with respect to this pathogen.
Growth and survival of two pathogenic and one environmental serotype of 
Y.enterocolitica under acidic conditions at 25°C and 4°C were investigated. At both 
temperatures the maximum growth inhibitory pH (MIpH) value depended on the 
acidulant used and was in the order acetic > lactic > citric > sulphuric. At the 
lower temperature the MIpH was 0.3-0.5 pH units higher than at 25°C. Survival at 
both temperatures also depended on the acidulant used. Death rate was greatest in 
the order acetic and lactic > citric > sulphuric, and was much higher at 25°C than 
at 4°C and/or at lower pH. No difference was observed between the behaviour of 
pathogenic and environmental serotypes in these respects.
Two different predictive modelling approaches have been used to describe the growth 
of Y.enterocolitica under various conditions. Measurement of growth at a number of 
sub-optimal temperatures and pH values showed that the variation of rate of growth 
with temperature could be represented by a square root plot. The effect of different 
pH values could be incorporated into the square root model by replacing the 
regression coefficient b by its relationship with pH. Values of MIpH derived from 
the model were in good agreement with experimental values with the exception of 
acetic acid. The interactions between pH and temperature on rate of growth were 
found to be additive. Rates of growth were calculated from this model, for each 
combination of pH, temperature and acidulant for which experimental values were 
available. Correlation between these and experimental values were found to be very
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high indicating that growth rate of Y.enterocolitica under these conditions can be 
predicted using this model.
Predictive polynomial equations relating the rate of growth of Y.enterocolitica to 
temperature and pH with different acidulants were also constructed. The logarithm 
of the time for a 100 fold increase in bacterial numbers could be represented by a 
quadratic response surface function of pH and temperature. The interactions between 
pH and temperature on rate of growth were also found to be additive. Values for a 
2 log cycle increase in growth derived from the model were in good agreement with 
experimental values.
Predictions from the response surface model and from the square root model were 
compared with experimental values in laboratory media and in various foods. The 
mean square error (MSE) for the response surface model was smaller than that for 
the square root model in 81 % of cases. In foods, the square root model increasingly 
underestimated rate of growth as temperature decreased below 4°C and would ’fail 
dangerous’ if used for predictive purposes. This indicated that the response surface 
model is more reliable for predicting the growth of Y.enterocolitica under conditions 
of sub-optimal temperature and pH.
Although growth of pathogens may be inhibited in chilled foods with reduced pH, 
they may survive for extended periods at levels that may be of concern to food safety. 
In view of the increasing use of multifactorial techniques of food preservation, there 
is a need for models which allow prediction of microbial survival times in such 
circumstances. Survival of Y.enterocolitica was studied at different temperatures and 
growth inhibitory pH values using a range of acidulants to develop such a model. At 
a given pH, survival was greater the lower the temperature. The bactericidal activity 
of the different acidulants was acetic > lactic > citric > sulphuric. Attempts to 
model this behaviour by a negative square root relationship gave good correlation 
coefficients for plots of the square roots of death rate against temperature at different 
combinations of pH and acidulant but a high coefficient of variation for T0 determined 
from these plots. The results indicate that regarding death simply as negative growth
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and application of the square root relationship is insufficient to model survival under 
the conditions used.
The Vitalistic model used to describe the thermal inactivation of microorganisms was 
tested to predict the effects of pH, acidulants and temperature on the survival of 
Y.enterocolitica. The reduction in the log of survivors with log time was fitted to a 
logistic function. For each acid and pH, a single predictive equation was produced 
which describes the rate of death over a range of temperature. The quality of the 
model was indicated by low mean square errors when predicted and observed values 
were compared. The model was used to predict the time for a reduction in viable 
numbers by a factor of 4 log cycles under a variety of conditions of pH, acidulant and 
temperature. In the majority of cases the order of the bactericidal activity was acetic 
> lactic > citric > sulphuric. A Vitalistic model was therefore applied successfully 
to predict the survival of Y.enterocolitica under varying conditions of sub-optimal 
temperatures and pH values for a number of different acidulants. Predictions from 
the model were also compared to observed survival times of Y.enterocolitica in 
mayonnaise and were found to be in excellent agreement. However in yoghurt the 
model overestimated survival of this organism at both 20°C and 4°C but would ’fail 
safe’ if used for predictive purposes. This discrepancy in yoghurt can be ascribed to 
the presence of a competitive microflora which was absent in the culture medium used 
to construct the model. The greater buffering capacity of milk could also be a 
contributory factor. In mayonnaise where good agreement was obtained one would 
expect a negligible competitive microflora and a lower buffering capacity than milk.
Studies to determine the mode of action of weak acids on Y.enterocolitica growth and 
survival included investigating acid-induced perturbations of aspects of cell 
homeostasis such as intracellular pH by 31P nuclear magnetic resonance (NMR) and 
by use of radiolabelled weak acid probes. At both 25°C and 4°C as the external pH 
(pHext) was lowered by the addition of acid, the internal pH (pl^) also decreased. 
The pHext range studied was 5.5 - 3.5 which was inhibitory to growth. The 
cytoplasm was always less acidic than the medium pH at both temperatures. No 
significant difference was found in pHj when Y.enterocolitica cells in tryptone soya
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broth (TSB) were acidified and incubated with different acids (acetic acid and 
sulphuric acid) at different temperatures. However, at both temperatures, the rate of 
death was greater when cells were acidified with acetic acid than those acidified with 
sulphuric acid. The results suggest that neither the pHext nor the pHj were the 
determining factor causing death of Y.enterocolitica. Inhibition may have been 
caused by specific effects of the undissociated acid species on metabolic or 
physiological activities. It has been established that undissociated and uncharged 
weak lipophilic acids, e.g. acetic acid, are more permeable through the cell 
membrane. In constrast mineral acids, e.g. sulphuric acid, are unable to diffuse 
passively across the cell membranes. Therefore, it appeared that intracellular acetic 
acid, in addition to causing acidification of the cell cytoplasm, exerted an additional 
toxic effect on the cells.
There was good agreement between the two different methods employed to determine 
pHj in Y.enterocolitica cells over the pHext range of 5.5 to 4.5. Below pHext 4.5 the 
pHj values determined were found to differ between the two different methods. pHj 
remained at 6.2 with the 31P NMR method while a linear decrease in pHj with 
decreasing pHext was observed with the radiolabelled weak acid probe distribution 
method. The latter method however produced results that were in accord with studies 
for other bacteria. This method therefore provided a more accurate determination of 
pHj at acidic pHext and is more reliable for such determinations. The chemical shift 
of inorganic phosphate (Pj) below pHext 5.5 is nearly insensitive to pH (Kugel et al. 
1990) and this may explain the inaccuracy of pHj values determined by 31P NMR 
below pHext 4.5.
Studies were then performed to determine the possible toxic effects of acidulants on 
cell metabolism. Adenosine triphosphatases (ATPases) were shown to be involved 
in the control of cytoplasmic acidification. At reduced external pH values, the 
inhibition of ATPase activity leads to a reduction in the rate at which energy can be 
made available for maintenance of the cell’s integrity. pH tolerance and growth rate 
are affected as the interior of the cell is acidified more easily than when ATPases are 
fully functional. This effect was shown to be greater in Y.enterocolitica cells
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acidified with acetic acid rather than sulphuric acid and reflects the different mode of 
action of these acidulants. Mechanisms used to control cytoplasmic pH will draw on 
the cell’s energy, causing reduced growth rate and complete inhibition if energy 
requirements exceed supply. A greater amount of energy was therefore required to 
maintain the same pHj in cells treated with acetic acid than with sulphuric acid.
Lethal pHA was found not to be influenced by acidulant but by temperature, the lethal 
pHj at 25°C and 4°C was 5.6 and 5.2 respectively. Presumably this was due to the 
interaction of temperature and pH on metabolic rate. The rate of viability loss was 
however greater when acetate was the acidulant. pH-induced protein damage, 
indicated by the loss of 15-galactosidase activity, was shown to correlate with this 
greater loss of viability. Although pHj was maintained at the same level with both 
acidulants, the burden placed on cells to control pHj will be greater with acetic acid. 
If cellular energy is being constantly used to counteract cytoplasmic acidification 
caused by proton donation from the intruding weak acid then less energy will be 
available for other essential cell functions. Consequently the adverse effect on cell 
viability will be greater. Specific inhibitory effects of the undissociated acid and its 
anion within the cell may also contribute to this.
Y.enterocolitica may encounter a variety of acidic conditions, including food, pond 
water, stomach acid, and colon contents. A more thorough study of the effect of 
acidic pH, acidulants and temperature on cell homeostasis would be worthwhile. This 
would provide a greater understanding of the functional details of this pH control 
mechanism and its role in the growth and survival of this organism.
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Appendix 1: Calibration Curves
Calibration curve of colony forming units (cfu) to optical density
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Appendix II: Volume of Acids Required to Produce Various pH Levels in 
Trvntone Sova Broth (TSB)
Table for sulphuric acid (0.1M)
pH Acid (ml) Water (ml)
7.0 0.00 5.00
6.5 0.31 4.69
6.0 0.59 4.41
5.5 0.80 4.20
5.0 1.05 3.95
4.5 1.35 3.65
4.0 1.75 3.25
3.5 2.28 2.72
3.0 2.93 2.07
Table for acetic acid (1M)
pH Acid (ml) Water (ml)
7.0 0.00 5.00
6.5 0.08 4.92
6.0 0.14 4.86
5.5 0.20 4.80
5.0 0.32 4.68
4.5 0.68 4.32
4.0 2.10 2.90
3.5 5.00 0.00
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Table for lactic acid (1M)
pH Acid (ml) Water (ml)
7.0 0.00 5.00
6.5 0.08 4.92
6.0 0.16 4.84
5.5 0.25 4.75
5.0 0.33 4.67
4.5 0.47 4.53
4.0 0.70 4.30
3.5 1.70 3.30
3.0 4.44 0.56
Table for citric acid (1M)
pH Acid (ml) Water (ml)
7.0 0.00 5.00
6.5 0.04 4.96
6.0 0.08 4.92
5.5 0.11 4.89
5.0 0.16 4.84
4.5 0.25 4.75
4.0 0.39 4.61
3.5 0.62 4.38
3.0 1.02 3.98
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Appendix III: Regression Equations of Data Points below 106cfu/ml for Yersinia
enterocolitica in Acidifed Trvptone Sova Broth at 4°C
Table of regression equations of data points below 106cfu/ml for Yersinia 
enterocolitica serotype 0:3 in TSB acidified with acetic acid at 4°C (Fig. 5.2a), 
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.8 6.29 -3.135 0.9999 0.0 0.0
4.0 8.87 -2.249 0.9532 1.1 1.0
4.2 7.57 -0.516 0.9846 2.5 2.0
4.4 6.75 -0.168 0.9946 2.7 5.0
4.6 6.41 -0.058 0.9784 1.9 7.0
Y = 2.66X - 9.52, r=0.7717
where X is pH and Y is time before populations begin to decline
Table of regression equations of data points below 106cfu/ml for Yersinia 
enterocolitica serotype 0:3 in TSB acidified with lactic acid at 4°C (Fig. 5.2b), 
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.6 5.98 -3.250 0.9641 -0.1 0.0
3.8 7.02 -1.546 0.9642 0.5 0.0
4.0 6.64 -0.497 0.9832 0.7 2.0
4.2 6.84 -0.341 0.9922 1.6 2.5
4.4 6.88 -0.312 0.9923 1.9 3.0
4.6 6.39 -0.119 0.9600 0.8 4.5
4.8 6.31 -0.018 0.7476 0.6 14.0
Y = 0.66X- 1.94, r=0.4264
where X is pH and Y is time before populations begin to decline
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Table of regression equations of data points below 106cfu/ml for Yersinia
enterocolitica serotype 0:3 in TSB acidified with citric acid at 4°C (Fig. 5.2c),
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.0 5.85 -2.106 0.9733 -0.2 0.0
3.2 5.85 -1.542 0.9797 -0.3 0.0
3.4 5.97 -1.188 0.9644 -0.3 0.0
3.6 6.61 -1.008 0.9810 0.3 0.0
3.8 5.14 -0.278 0.9240 -4.2 1.0
4.0 5.80 -0.283 0.9650 -1.8 2.0
4.2 6.23 -0.213 0.9785 -0.3 2.0
4.4 6.07 -0.052 0.9373 -4.4 3.0
4.6 6.51 -0.036 0.9923 5.8 5.0
Y = 0.80X - 3.64, r=0.1472
where X is pH and Y is time before populations begin to decline
Table of regression equations of data points below 106cfu/ml for Yersinia 
enterocolitica serotype 0:3 in TSB acidified with sulphuric acid at 4°C (Fig. 5.2d), 
x=lag time, Y= log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.0 5.78 -3.130 0.9669 -0.2 0.0
3.2 6.45 -1.599 0.9967 0.1 0.0
3.4 6.21 -0.789 0.9792 -0.1 0.0
3.6 6.20 -0.315 0.9898 -0.3 0.0
3.8 6.22 -0.187 0.9845 -0.4 2.0
4.0 6.17 -0.107 0.9527 -1.2 2.5
4.2 6.06 -0.030 0.7181 -8.0 6.0
Y = -4.71X + 15.55, r=0.6983
where X is pH and Y is time before populations begin to decline
2 2 0
Table of regression equations of data points below 106cfu/ml for Yersinia
enterocolitica serotype 0:9 in TSB acidified with acetic acid at 4°C (Fig. 5.4a),
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.8 6.50 -3.235 0.9998 0.1 0.0
4.0 8.68 -1.883 0.8944 1.3 1.0
4.2 8.41 -1.265 0.9557 1.7 2.0
4.4 7.88 -0.405 0.9693 3.9 5.0
4.6 8.66 -0.276 0.9749 8.6 7.0
Y = 9.81X -38.12, r=0.9244
where X is pH and Y is time before populations begin to decline
Table of regression equations of data points below 106cfu/ml for Yersinia 
enterocolitica serotype 0:9 in TSB acidified with lactic acid at 4°C (Fig. 5.4b), 
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.6 6.04 -3.305 0.9583 -0.1 0.0
3.8 7.16 -2.327 0.9789 0.4 0.0
4.0 8.34 -1.378 0.9865 1.5 2.0
4.2 7.18 -0.549 0.9528 1.6 2.5
4.4 7.61 -0.356 0.9965 3.8 4.5
4.6 7.66 -0.142 0.9692 9.6 14.0
Y = 8.39X - 31.62, r=0.8756
where X is pH and Y is time before populations begin to decline
2 2 1
Table of regression equations of data points below 106cfu/ml for Yersinia
enterocolitica serotype 0:9 in TSB acidified with citric acid at 4°C (Fig. 5.4c),
x=Iag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.0 6.75 -3.320 0.9983 0.1 0.0
3.2 6.76 -2.300 0.9910 0.2 0.0
3.4 9.06 -3.205 0.9986 0.9 1.0
3.6 12.24 -3.205 0.9544 1.9 2.0
3.8 10.10 -1.656 0.9852 2.3 2.0
4.0 6.20 -0.328 0.9184 -0.3 3.0
4.2 7.97 -0.288 0.9998 5.8 6.0
4.4 6.76 -0.039 0.9386 11.8 14.0
Y = 6.33X - 20.60, r=0.7557
where X is pH and Y is time before populations begin to decline
Table of regression equations of data points below 106cfu/ml for Yersinia 
enterocolitica serotype 0:9 in TSB acidified with sulphuric acid at 4°C (Fig. 5.4d), 
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.0 6.35 -3.250 0.9668 0.0 0.0
3.2 6.61 -1.588 0.9967 0.2 0.0
3.4 5.79 -0.459 0.9655 -1.1 0.0
3.6 6.04 -0.208 0.9856 -1.3 1.0
3.8 6.04 -0.105 0.9322 -2.5 2.0
4.0 6.05 -0.058 0.9600 -4.3 3.0
4.2 6.34 -0.029 0.9725 1.4 6.5
Y = -1.12X + 2.95, r=0.2578
where X is pH and Y is time before populations begin to decline
2 2 2
Table of regression equations of data points below 106cfu/ml for Yersinia
enterocolitica serotype 0:13 in TSB acidified with acetic acid at 4°C (Fig. 5.6a),
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.8 6.48 -2.147 0.9922 -0.1 0.0
4.0 9.34 -2.074 0.9224 1.5 1.0
4.2 8.22 -0.566 0.9842 3.4 3.0
4.4 6.72 -0.141 0.9992 3.0 5.0
4.6 6.28 -0.046 0.9750 -0.4 7.0
Y = 0.195X + 0.69, r=0.0366
where X is pH and Y is time before populations begin to decline
Table of regression equations of data points below 106cfu/ml for Yersinia 
enterocolitica serotype 0:13 in TSB acidified with lactic acid at 4°C (Fig. 5.6b), 
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.4 6.24 -3.355 0.9719 0.0 0.0
3.6 6.53 -3.355 0.9957 -0.1 0.0
3.8 7.48 -1.698 0.9551 0.7 1.0
4.0 8.19 -0.875 0.8385 2.2 2.0
4.2 7.53 -0.368 0.9961 3.3 4.0
4.4 6.82 -0.201 0.9950 2.6 4.5
Y = 3.51X - 12.26, r=0.9150
where X is pH and Y is time before populations begin to decline
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Table of regression equations of data points below 106cfu/ml for Yersinia
enterocolitica serotype 0:13 in TSB acidified with citric acid at 4°C (Fig. 5.6c),
x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.0 6.55 -2.095 0.9798 -0.1 0.0
3.2 6.80 -2.054 0.9553 0.2 0.0
3.4 6.61 -1.283 0.9896 0.2 0.0
3.6 6.58 -0.961 0.9651 0.3 0.5
3.8 5.68 -0.300 0.9635 -2.1 0.8
4.0 6.09 -0.299 0.9918 -0.7 0.8
4.2 6.28 -0.225 0.9971 -0.1 1.5
4.4 6.68 -0.049 0.9849 7.8 14.0
Y = 2.77X - 9.55, r=0.4612
where X is pH and Y is time before populations begin to decline
Table of regression equations of data points below 106cfu/ml for Yersinia 
enterocolitica serotype 0:13 in TSB acidified with sulphuric acid at 4°C (Fig. 
5.6d), x=lag time, Y=log cfu/ml
pH Y intercept slope r Lag time (days)
Calculated Observed
3.0 6.39 -1.326 0.9942 0.1 0.0
3.2 6.66 -0.461 0.9798 0.8 0.6
3.4 6.72 -0.313 0.9937 1.3 1.8
3.6 6.48 -0.214 0.9798 0.8 2.0
3.8 6.08 -0.103 0.9716 -2.1 2.5
4.0 6.05 -0.044 0.8592 -5.7 4.5
Y = -5.41X + 18.17, r=0.7546
where X is pH and Y is time before populations begin to decline
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Appendix IV: Survival of Yersinia enterocolitica serotype 0:3 in trvptone sova
broth (TSB) acidified with various acidulants at growth inhibitory
pH values from 0 - 23°C
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